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NOTICE 

T h i s  r e p o r t  was p r e p a r e d  a s  an  accoun t  o f  Government- 
s p o n s o r e d  work. N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  N a t i o n a l  
A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n  (NASA), n o r  any p e r s o n  
a c t i n g  on b e h a l f  o f  N A S A :  

a. Makes w a r r a n t y  or r e p r e s e n t a t i o n ,  e x p r e s s e d  or i m p l i e d ,  
w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  u s e f u l n e s s  
o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  r e p o r t ,  or t h a t  t h e  
u s e  o f  any i n f o r m a t i o n ,  a p p a r a t u s ,  method, or p r o c e s s  
d i s c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y -  
owned r i g h t s ;  o r  

b .  Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  o r  
f o r  damages r e s u l t i n g  from t h e  u s e  o f  any i n f o r m a t i o n ,  
a p p a r a t u s ,  method, or p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  u sed  above ,  " p e r s o n  a c t i n g  on b e h a l f  o f  NASA" i n c l u d e s  
any employee or c o n t r a c t o r  o f  NASA, o r  employee o f  such  con- 
t r a c t o r ,  t o  t h e  e x t e n t  t h a t  such employees o r  c o n t r a c t o r  o f  NASA, 
or employee o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  
a c c e s s  t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment w i t h  such  
c o n t r a c t o r .  

Reques t s  f o r  c o p i e s  of t h i s  r e p o r t  s h o u l d  b e  r e f e r r e d  t o :  

N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
O f f i c e  o f  S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n  
Washington 25 ,  D . C .  

A t t e n t i o n :  AFSS-A 



A B S T R A C T  

Two types of ligand-containing polymers were devel- 
oped that are very promising as separator materials for the 
sterilizable silver-zinc battery. A film of one, a 0.45:0.55 
2-vinylpyridine-methyl methacrylate polymer, had 22 ohm-in. 
resistivity in 40% KOH and about 1000 psi wet tensile strength 
after in situ saponification during a 120 hr. sterilization in 
40% KOH at 135°C. 
terpolymers also look promising. They require shorter saponifica- 
tion times, have good resistance to zinc dentrites, and give 
resistivities of about 50 ohm-in. 

Styrene-maleic anhydride-methyl methacrylate 

The program followed to develop these separators 
included a screening program in which 35 polymers were tested 
f o r  hydrolytic stability in 40% KOH at 135OC. Three types of 
polymers, that we found stable, were made into films and compre- 
hensively evaluated: 2-vinylpyridine-methyl methacrylate co- 
polymer; styrene-maleic .anhydride copolymers; and polystyrenes 
with ligand substituents. Film flexibility and durability was 
improved both by alterations of chemical structure and by 
improvements in film-forming techniques. 

Methods were developed to substitute ligands on 
polystyrene and styrene-methyl methacrylate backbones. 
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I .  INTRODUCTION 

rn  he p r imary  objecti 'v 'e of t h i s  program was t h e  development  
o f  b a t t e r y  s e p a r a t o r  mater ia ls  t h a t  w i l l  f u n c t i o n  s a t i s f a c t o r i l y  
i n  a sealed Ag-Zn secondary  b a t t e r y  f o l l o w i n g  heat  s t e r i l i z a t i o n  
a t  135OC. S e v e r a l  t y p e s  o f  l i g a n d - c o n t a i n i n g  v i n y l  po lymers  were 
s e l e c t e d  as c a n d i d a t e s  f o r  t h i s  p u r p o s e .  These polymers  have t h e  
un ique  a b i l i t y  to r e s t r i c t  me ta l  i o n  m i g r a t i o n  i n  t h e  c e l l  by 
c h e l a t i o n  o f  t h e s e  i o n s  i n  t h e  form of o l a t e d  complexes.  

Our program was d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  p h a s e s :  

1. P r e p a r a t i o n  of model l i g a n d - c o n t a i n i n g  po lymers .  

2. S c r e e n i n g  o f  t h e  m o d e l  po lymers  f o r  thermal  s t a b i l i t y  
a t  135OC and f o r  h y d r o l y t i c  s t a b i l i t y  i n  4 0 %  KOH a t  
135OC. 

3.  P r e p a r a t i o n  o f  copolymers  and membranes u s i n g  polymer 
u n i t s  t h a t  showed h i g h  s t a b i l i t y  i n  o u r  s c r e e n i n g  
t e s t .  

4 .  Comprehensive e v a l u a t i o n  o f  our b e s t  membranes as 
b a t t e r y  s e p a r a t o r s .  

I n  t h e  f i r s t  p a r t  o f  our program, 35 polymers  were 
s c r e e n e d  for thermal  s t a b i l i t y  and f o r  s t a b i l i t y  i n  4 0 %  KOH a t  
135°C. T h r e e  g e n e r a l  t y p e s  o f  po lymers  t h a t  showed h i g h  s t a b i l i t y  
i n  t h e s e  s c r e e n i n g  t e s t s  were s e l e c t e d  f o r  comprehens ive  e v a l u -  
a t i o n  as s e p a r a t o r  materials.  These polymers  were: 

1. 2-Vinylpyridine-methacrylic ( and  a c r y l i c )  a c i d  
copolymers .  

2 .  S t y r e n e - m a l e i c  a n h y d r i d e  copolymers .  

3 .  P o l y s t y r e n e s  w i t h  l i g a n d  s u b s t i t u e n t s .  

We f a b r i c a t e d  membranes and f i l m s  f rom polymers  of t h e  
f i r s t  two t y p e s  and e v a l u a t e d  them as s e p a r a t o r  ma te r i a l s .  
S e v e r a l  s t r u c t u r a l  m o d i f i c a t i o n s  o f  t hese  polymers  were made t o  
improve f i l m  d u r a b i l i t y  and f l e x i b i l i t y  w h i l e  r e t a i n i n g  good 
e l e c t r i c a l  p r o p e r t i e s .  Our major e f f o r t s  w i t h  t h e  t h i r d  t y p e  
o f  polymer were aimed a t  t h e  development o f  s y n t h e t i c  methods 
f o r  s u b s t i t u t i o n  of  l i g a n d s  on p o l y s t y r e n e  a n d / o r  s t y r e n e -  
me thy l  m e t h a c r y l a t e  copolymers .  

1 



11. S U M M A R Y  

Two l i g a n d - c o n t a i n i n g  polymers t h a t  were deve loped  as 
s e p a r a t o r  mater ia l s  a re  h i g h l y  p r o m i s i n g  as s e p a r a t o r s  i n  t h e  
s i l v e r - z i n c  s t e r i l i z a b l e  b a t t e r y .  They are  a 2 - v i n y l p y r i d i n e -  
m e t h y l  m e t h a c r y l a t e  copolymer and a s t y r e n e - m a l e i c  anhydr ide -  
m e t h y l  m e t h a c r y l a t e  t e r p o l y m e r .  Dry f i l m s  o f  b o t h  polymer t y p e s  
are  f l e x i b l e  and have approx ima te ly  5000 p s i  t e n s i l e  s t r e n g t h .  
Low e l e c t r i c a l  r e s i s t i v i t y  of t h e  f i l m s  i s  o b t a i n e d  by in situ 
s a p o n i f i c a t i o n  o f  t h e  m e t h a c r y l a t e  g roups  d u r i n g  s t e r i l i z a t i o n  
i n  40% KOH a t  1 3 5 O C .  Fo r  e x a m p l e ,  a 0 . 4 5 : 0 . 5 5  r a t i o  2 - v i n y l  
p y r i d i n e : m e t h y l  m e t h a c r y l a t e  f i l m  had 2 2  ohm-in r e s i s t i v i t y  i n  
4 0  % KOH and abou t  1000 p s i  w e t  t e n s i l e  s t r e n g t h  a f t e r  s t e r i l i z a -  
t i o n  f o r  120 h r s .  F i lms  o f  t h e  same polymer s t e r i l i z e d  i n  1M ZnO, 
4 0 %  KOH had 3 2  ohm-in r e s i s t i v i t y .  The t e r p o l y m e r  f i l m s  s a p o n i f y  
w i t h i n  a 60 h r  s t e r i l i z a t i o n  c y c l e .  These polymers  had r e s i s t i v i t y  
of  a b o u t  50 ohm-in and 800-1000 p s i  w e t  s t r e n g t h  a f t e r  6 0  h r  i n  
4 0 %  KOH a t  1 3 5 O C .  I n i t i a l  t e s t s  a l s o  i n d i c a t e d  t h a t  w e t t e d  f i l m s  
o f  t h e  t e r p o l y m e r s  r e s i s t  p e n e t r a t i o n  t o  z i n c  d e n d r i t e s  a t  l e a s t  
as w e l l  as Pudo 1 9 3 .  

The above two polymers  were deve loped  by f i r s t  t e s t i n g  
c a n d i d a t e  polymers  f o r  s t a b i l i t y  i n  4 0 %  KOH a t  1 3 5 O C  to f i n d  t h e  
most p r o m i s i n g  t y p e s ,  and t h e n  c h e m i c a l l y  a l t e r i n g  t h e  s t r u c t u r e  
o f  t h e s e  polymers  t o  g i v e  t h e  lowes t  e l e c t r i c a l  r e s i s t i v i t y  
compatable  w i t h :  good f i l m  d u r a b i l i t y .  I n  t h i s  s c r e e n i n g  program, 
35 polymers  were t e s t e d  as powders.  We found t h a t  s t y r e n e - m a l e i c  
a n h y d r i d e ,  2 -v iny lpyr id ine -me thy l  m e t h a c r y l a t e  ( -methyl  a c r y l a t e ) ,  
2-vinylpyridine-methacrylic a c i d  a n d - a c r y l i c  a c i d  copolymers ,  
and s e v e r a l  p o l y s t y r e n e s  w i t h  l i g a n d  s u b s t i t u e n t s  had good s t a b i l -  
i t y  i n  4 0 %  KOH. T h e r e f o r e ,  we u n d e r t o o k  more comprehensive 
e v a l u a t i o n  of  t h e s e  polymers  i n  t h e  form o f  f i l m s  and membranes. 
The s t a b i l i t y  and d u r a b i l i t y  o f  t h e s e  membranes a t  135°C i n  40% 
K O H ,  i n  4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  o x i d e s ,  or i n  1M ZnO, 4 0 %  
KOH was d e t e r m i n e d  b y  measur ing  t h e  f o l l o w i n g  p r o p e r t i e s  o f  t h e  
membranes b e f o r e  and a f t e r  e x p o s u r e .  

1. Dimensions 

2 .  E l e c t r o l y t e  a b s o r p t i o n  

3 .  E l e c t r i c a l  r e s i s t a n c e  

4 .  Appearance 

5.  T e n s i l e  s t r e n g t h  

I n  a d d i t i o n ,  t e s t s  to measure p o r e  s f z e  and r e s i s t a n c e  to pene-  
t r a t i o n  by z i n c  d e n d r i t e s  were i n i t i a t e d .  

2 



During development of the 2-vinylpyridine-containing 
copolymers, several compositions were considered and later 
excluded for the following reasons: 

2-Vinylpyridine-acrylate copolymers, because the 
methacrylate copolymers gave more durable films. 

2-Vinylpyridine-methacrylic and-acrylic acid 
polymers, since dry films of these crazed excessively 
and were not usable. Membranes were prepared by 
depositing these polymers on a polypropylene substrate, 
but these membranes had large pore sizes and lost some 
polymer on handling. 

2-Vinylpyridine-methyl methacrylate copolymers with 
methacrylate composition above 65%, because the film 
durability of the saponified linear copolymers with 
the high acid content was destroyed in 40% KOH at 
135"C, b37 h;?'..gb snlubility. 

The styrene-maleic anhydride copolymer is easily hydroly- 
sed at room temperature and has lower electrical resistivity 
than the 2-vinylpyridine copolymers. However, dry films of the 
material are extremely brittle. Improvements in flexibility 
were obtained by plasticization with water and by using styrene- 
maleic anhydride half-ester or salt copolymers. Durability of 
the films in 40% KOH at 135OC, however, was marginal and work 
with the copolymers was suspended in favor of the styrene-maleic 
anhydride-methyl methacrylate terpolymers. 

Polystyrenes with ligand substituents have poor film- 
forming ability. Several model compounds were prepared and tested 
in the form of powders for stability in 40% KOH in our screening 
program. These included poly[vinylbenzyl-X] where X was 1-(2- 
pyridylmethylamine), catechol, l-(B-aminoethyl)-2-methyl-2- 
imidazoline, salicylic acid and 3 - ( l ' - p y r i d y l e t h y l a m i n e ) .  

Methods were also developed to prepare polymers with 
ligand substituents on a styrene-methyl methacrylate backbone. 
This backbone gives improved film-forming properties to the 
polymer and also lowers its electrical resistivity after in situ 
saponification of the methacrylate groups. 

3 



111. D I S C U S S I O N  3F R E S U L T S  

A .  G E N E R A L  

S e v e r a l  c a n d i d a t e  polymers  were f a b r i c a t e d  as membranes 
and /o r  f i l m s  and e v a l u a t e d  comprehens ive ly  as s e p a r a t o r s  f o r  t h e  
s t e r i l i z a b l e  s i l v e r - z i n c  b a t t e r y .  Our e v a l u a t i o n  o f  t hese  f i l m s  
and membranes i s  d e s c r i b e d  i n  S e c t i o n  1 I I . B .  I n  S e c t i o n  I I I . C . ,  
t h e  s c r e e n i n g  t e s t s  of  a wide range  of c a n d i d a t e  l i g a n d  polymers  
f rom which w e  s e l e c t e d  these  polymers  for comprehens ive  e v a l u a t i o n .  
a re  
are  

B .  

1. 

d e s c r i b e d .  
d e s c r i b e d  i n  S e c t i o n  1 I I . D .  

C O M P R E H E N S I V E  E V A L U A T I O N  O F  L I G A N D  P O L Y M E R S  A S  B A T T E R Y  
S E P A R A T O R  M A T E R I A L S  

G e n e r a l  

The p r o c e d u r e s  we used  to p r e p a r e  a l l  t h e  po lymers -  

F i l m  samples o f  polymers  were t e s t e d  r o u t i n e l y  f o r  
- 1  

s t a b i l i t y  and d u k a b i l i t y  i n  4 0 %  KOH a t  135°C. S e v e r a l  f i l m  
samples  were a l s o  s t e r i l i z e d  i n  4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  
o x i d e s  or i n  1M ZnO, 4 0 %  K O H .  The f o l l o w i n g  f i l m  p r o p e r t i e s  
were measured b e f o r e  and a f t e r  exposure .  

1) Dimensions 

2 )  E l e c t r o l y t e  a b s o r p t i o n  

3 )  E l e c t r i c a l  r e s i s t a n c e  

4) Appearance 

5 )  T e n s i l e  s t r e n g t h  

6 )  Pore  s i z e  

7 )  R e s i s t a n c e  to p e n e t r a t i o n  by z i n c  d e n d r i t e s  

These p r o p e r t i e s  were measured f o l l o w i n g  g e n e r a l  p roced-  
u r e s  deve loped  f o r  e v a l u a t i o n  of s e p a r a t o r s  f o r  s i l v e r - z i n c  
b a t t e r i e s  ( r e f .  1) .  D e t a i l s  of t h e s e  t e s t s  are  d e s c r i b e d  i n  t h e  
E x p e r i m e n t a l  S e c t i o n .  T e s t  r e s u l t s  are summarized i n  T a b l e s  
1-4. 

Pore  s i z e  measurements  were made p r i n c i p a l l y  to d e t e r m i n e  
i f  t h e  a b i l i t y  o f  t h e  f i l m  or membrane to r e s i s t  z i n c  p e n e t r a t i o n  
was s t r o n g l y  dependent  on small p o r e  s i z e .  Our i n i t i a l  t e s t s  
showed b e t t e r  c o r r e l a t i o n  between t h e  a b i l i t y  to r e s i s t  z i n c  pene-  
t r a t i o n  and p o r e  s i z e  when p o r e  s i z e s  c o r r e c t e d  for t o r t u o s i t y  r12ther  
t h a n -  s t r ' a i g h k '  t h r o u g h ,  p o r e  s i -zes  were u s e d .  ~ Al though  the, c o r r e l a t i o n  
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i s  n o t  c o n c l u s i v e ,  t h e  r e s u l t s  i n d i c a t e  t h a t  p o r e  s i z e s  under  
0 .02  p are  p r o b a b l y  needed f o r  these  t y p e  membranes to have good 
r e s i s t a n c e  t o  z i n c  p e n e t r a t i o n .  

2. 2-Vinylpyridine-methacrylic and acrylic acid copolymers 

Two forms o f  membranes made w i t h  t h e  above copolymer 
s y s t e m s  were t e s t e d .  One t y p e  o f  membrane was p r e p a r e d  by 
c a s t i n g  2-~inylpyridine(2VP>methacrylic a c i d  copolymers  i n t o  a 
p o r o u s  p o l y p r o p y l e n e  s u b s t r a t e .  It was n e c e s s a r y  t o  u s e  a 
s u p p o r t e d  membrane w i t h  t h e s e  polymers  b e c a u s e  t h e y  form ext reme-  
l y  b r i t t l e  f i l m s .  Membranes wi th  a c c e p t a b l y  low r e s i s t a n c e  t h a t  
s u r v i v e d  s t e r i l i z a t i o n  i n  4 0 %  KOH or 4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  
o x i d e s  were p r e p a r e d  by t h i s  t e c h n i q u e  (89794 and 89795 i n  T a b l e s  
1, 2 and 4 ) .  I n  f a c t ,  t h e  s t e r i l i z a t i o n  t r e a t m e n t  caused  t h e  
membranes t o  swell  and g a i n  c o n s i d e r a b l y  more we igh t  above what 
t h e y  had g a i n e d  on s o a k i n g  a t  room t e m p e r a t u r e .  However, t hese  
membranes c h a r a c t e r i s t i c a l l y  had c e r t a i n  d i s a d v a n t a g e s :  (1) some 
m e c h a n i c a l  loss o f  polymer d u r i n g  h a n d l i n g  and s t e r i l i z a t i o n :  
( 2 )  membrane t h i c k n e s s  g r e a t e r  t h a n  u n s u p p o r t e d  f i l m s ;  ( 3 )  problem 
i n  o b t a i n i n g  homogeneous s u r f a c e s ;  and (4) r e l a t i v e l y  l a r g e  p o r e  
s i z e s  ( T a b l e  4 ) .  

The second t y p e  o f  membrane was p r e p a r e d  b y  i n  s i t u  
s a p o n i f i c a t i o n  d u r i n g  s t e r i l i z a t i o n  o f  2-VP-methyl  a c r y l a t e  or 
2-VP-methyl m e t h a c r y l a t e  f i l m s .  Both e s t e r  copolymers  form 
e x c e l l e n t  f i l m s .  However, films made from t h e  m e t h a c r y l a t e  
copolymers  r e t a i n e d  shape  and s t r e n g t h  a f t e r  s a p o n i f i c a t i o n  and 
s t e r i l i z a t i o n  much b e t t e r  t h a n  t h o s e  made from a c r y l a t e  e s t e r s .  

S e v e r a l  s a p o n i f i c a t i o n  c o n d i t i o n s  were t r i e d  w i t h  t hese  
polymers  t o  d e t e r m i n e  t h e  b e s t  way o f  p r e p a r i n g  t h e  f r e e  a c i d  
g r o u p s  w h i l e  r e t a i n i n g  f i l m  i n t e g r i t y .  The m e t h a c r y l a t e  po lymers  
a r e  more r e s i s t a n t  t o  s a p o n i f i c a t i o n  and r e q u i r e d  l o n g e r  r e a c t i o n  
t i m e s  unde r  a l l  c o n d i t i o n s .  The b e s t  medium found was 4 0 %  KOH 
a t  135OC. Other  h y d r o l y s i s  media t h a t  were t r i e d ,  b u t  found 
e i t h e r  i n e f f e c t i v e  w i t h i n  r e a s o n a b l e  r e a c t i o n  t imes  and /o r  d i s -  
s o l v e d  t h e  r e s u l t a n t  polymer a r e  l i s t e d  below: 

1) 1 N  H C 1  s a t u r a t e d  w i t h  N a C l  

2 )  1 N  N a O H  

3 )  1 N  a l c o h o l i c  NaOH s a t u r a t e d  w i t h  N a C l  

We a l s o  found i t  n e c e s s a r y  to s u p p o r t  t h e s e  f i l m s  d u r i n g  
h y d r o l y s i s  i n  o r d e r  to m a i n t a i n  r e a s o n a b l e  f i l m  s h a p e .  The f o l -  
l owing  methods o f  s u p p o r t i n g  these  f i l m s  were t r i e d :  (1) h o l d i n g  
t h e  f i l m s  between two p i e c e s  of s i l v e r  s c r e e n ,  ( 2 )  c l amping  t h e  
f i l m  i n  a T e f l o n  frame, ( 3 )  f a s t e n i n g  t h e  f i l m  on a T e f l o n  
c y l i n d e r  w i t h  s i l v e r  w i r e ,  and (4) c a s t i n g  f i l m  on p o l y p r o p y l e n e  
s u b s t r a t e  and s a p o n i f y i n g  t h e  r e s u l t i n g  membrane w i t h o u t  

12 



a d d i t i o n a l  s u p p o r t .  

Sma l l  samples  were s u c c e s s f u l l y  s a p o n i f i e d  t o  f i l m s  w i t h  
a c c e p t a b l y  low e l e c t r i c a l  r e s i s t a n c e  b y  a l l  t h e  above methods ,  
b u t  t h e  u s e  o f  t h e  c y l i n d e r  s u p p o r t  and u s e  o f  p o l y p r o p y l e n e  
s u b s t r a t e  gave f i l m s  w i t h  fewer  m e c h a n i c a l  i r r e g u l a r i t i e s .  

A s e r i e s  o f  2-VP-methyl m e t h a c r y l a t e  copolymers  w i t h  
v a r y i n g  e s t e r  c o n t e n t s  were t e s t e d  t o  f i n d  t h e  be’s t  r a t i o  f o r  
b o t h  good f i l m  d u r a b i l i t y  and low e l e c t r i c a l  r e s i s t a n c e .  The 
optimum e s t e r  ( a c i d )  c o n c e n t r a t i o n  i n  t h e  l i n e a r  polymer was 
found t o  be  55 t o  6 5 % .  Membranes w i t h  a c i d  c o n t e n t s  unde r  50% 
had h i g h e r  i n i t i a l  e l e c t r i c a l  r e s i s t a n c e s  and l a r g e r  i n c r e a s e s  
i n  r e s i s t a n c e  a f t e r  exposure  t o  4 0 %  KOH s a t u r a t e d  w i t h  s i l v e r  
o x i d e s .  We found t h a t  l i n e a r  copolymers  w i t h  a c i d  c o n t e n t s  o v e r  
70% were n o t  u s a b l e  because  o f  t h e i r  h i g h  s o l u b i l i t y  i n  4 0 %  KOH 
a t  135°C.  

The f i l m  d u r a b i l i t y  d u r i n g  s t e r i l i z a t i o n  was dependent  
on f i l m  q u a l i t y ,  as w e l l  as a c i d  c o n t e n t  o f  polymer and t h e  
method u s e d  t o  s u p p o r t  t h e  f i l m .  The most d u r a b l e  f i l m s  were 
p r e p a r e d  b y  c a s t i n g  a 1 4 %  polymer s o l u t i o n  i n  me thano l  o n t o  a 
p o l y p r o p y l e n e  s lab  a t  room t e m p e r a t u r e .  A Gardner  Blade was 
used  as l e v e l e r .  S e v e r a l  f i l m s  o f  t h e  0 . 4 5 : 0 . 5 5  2-VP-methyl  
m e t h a c r y l a t e  copolymer w i t h  d r y  t h i c k n e s s  1 . 5  t o  2 . 5  m i l s  t h a t  
were made by t h i s  method r e t a i n e d  f i l m  d u r a b i l i t y  a f t e r  s a p o n i f i -  
c a t i o n  and  s t e r i l i z a t i o n  f o r  1 2 0  h r s .  i n  40% KOH a t  1 3 5 O C .  
T e n s i l e  s t r e n g t h s  o f  exposed  f i l m s  a r e  shown i n  T a b l e  3 and 
e l e c t r i c a l  p r o p e r t i e s  i n  T a b l e  1. F i lms  w i t h  s t r e n g t h s  unde r  
1 0 0 0  p s i  c o n t a i n e d  w r i n k l e s  due t o  i n s u f f i c i e n t  s u p p o r t  d u r i n g  
s a p o n i f i c a t i o n .  These f i l m s  t o l e r a t e  t h e  p r e s e n c e  of  e i t h e r  
z i n c a t e  or s i l v e r  i o n  s p e c i e s  d u r i n g  s t e r i l i z a t i o n  v e r y  w e l l .  
For example ,  s a m p l e s  t h a t  were s t e r i l i z e d  i n  1 M  ZnO i n  4 0 %  KOH 
had t e n s i l e  s t r e n g t h s  o f  1 0 8 0  and 1 4 2 0  p s i  and e l e c t r i c a l  res is-  
t a n c e  o f  32 ohm-in i n  4 0 %  KOH.  

3 .  S t y r e n e - m a l e i c  a n h y d r i d e  p o l y m e r s  

a .  S t y r e n e - m a l e i c  a n h y d r i d e  c o p o l y m e r  

S t y r e n e - m a l e i c  anhydr ide  membranes have t h e  a d v a n t a g e  o f  
v e r y  low e l e c t r i c a l  r e s i s t a n c e  i n  4 0 %  KOH.  T h i s  copolymer ,  
however,  g i v e s  r a t h e r  h a r d  f i l m s .  T h e r e f o r e ,  b o t h  s u p p o r t e d  
membranes and f i l m s  were t e s t e d .  The s u p p o r t e d  membranes were 
p r e p a r e d  by c a s t i n g  t h e  copolymer i n t o  a p o l y p r o p y l e n e  s u b s t r a t e .  
T h i s  t y p e  membrane has e l e c t r i c a l  r e s i s t a n c e  unde r  20  ohm-in and 
s u r v i v e s  s t e r i l i z a t i o n  s a t i s f a c t o r i l y ,  b u t  t h e  membranes a re  
r e l a t i v e l y  bu lky  ( T a b l e  1 ) .  

The d u r a b i l i t y  of  unsuppor t ed  f i l m s  was e x t r e m e l y  depend- 
e n t  on t h e  q u a l i t y  o f  t h e  f i l m .  Samples c o n t a i n i n g  c r e v i c e s  
f rom uneven or r a p i d  e v a p o r a t i o n  o f  s o l v e n t  d i d  n o t  s u r v i v e  
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s t e r i l i z a t i o n .  We found t h a t  samples  p r e p a r e d  by c a s t i n g  a 2 0 %  
s o l u t i o n  of LytronB 810 polymer,  i n  me thy l  e t h y l  k e t o n e  were 
f r e e  of  s u r f a c e  i r r e g u l a r i t i e s  and s u r v i v e d  s t e r i l i z a t i o n .  

The f l e x i b i l i t y  o f  d r y  f i l m s  made w i t h  Lytron@ 810  polymer .  
c a n  b e  improved by p l a s t i c i z a t i o n .  F i lms  c o n t a i n i n g  2 %  p o l y s t y -  
r e n e ,  2 %  s t e a r i c  a c i d ,  15% t r i c r e s y l  p h o s p h a t e  or water were 
p r e p a r e d .  Water proved  to b e  t h e  most e f f e c t i v e  p l a s t i c i z e r .  
For example ,  w e  found t h a t  f i lms s t o r e d  i n  100% humid i ty  c o u l d  
b e  b e n t  and hand led  e a s i l y  w i t h o u t  p r e w e t t i n g  i n  4 0 %  KOH.  I n  
c o n t r a s t ,  f i l m s  s t o r e d  i n  80% humid i ty  were s t i l l  f r a g i l e ,  w h i l e  
f i l m s  s t o r e d  i n  water were f l e x i b l e ,  b u t  deve loped  h o l e s  when 
s t e r i l i z e d .  The w a t e r - s t o r e d  f i l m  was p r o b a b l y  weakened b y  
s l i g h t  s o l u t i o n  o f  polymer on a d d i t i o n  of  4 0 %  K O H ,  s i n c e  t h e  
polymer i s  s o l u b l e  i n  d i l u t e  c a u s t i c .  A f i l m  t h a t  was p r e -  
exposed  to 100% humid i ty  s u r v i v e d  s t e r i l i z a t i o n  w i t h o u t  deve lop-  
i n g  h o l e s .  Its w e t  t e n s i l e  s t r e n g t h  was 2 7 3  p s i .  

b .  S a l t s  o f  s t y r e n e - m a l e i c  a c i d  

F i lms  h a v i n g  somewhat g r e a t e r  f l e x i b i l i t y  a t  modera te  
h u m i d i t i e s  can  k e  o b t a i n e d  w i t h  t h e  s a l t  copolymers  t h a n  w i t h  
t h e  c o r r e s p o n d i n g  a n h y d r i d e  polymer.  Repor t ed  ( r e f .  2 )  c h a r a c -  
t e r i s t i c s  o f  f i l m s  c a s t  f rom w a t e r  made from t h i s  t y p e  o f  copo l -  
ymer are shown i n  T a b l e  5 .  These f i l m s  become v e r y  b r i t t l e  i n  
d r y  a t m o s p h e r e s .  

S a l t  copolymers  t h a t  a r e  s o l u b l e  i n  o r g a n i c  s o l v e n t s  
can  a l s o  b e  made b y  p a r t i a l  n e u t r a l i z a t i o n .  F i lms  t h a t  have 
modera te  f l e x i b i l i t y  a t  80% humid i ty  were p r e p a r e d  by 2 5 %  neu- 
t r a l i z a t i o n  o f  L y t r o n  810 polymer w i t h  l i t h i u m  h y d r o x i d e .  

c .  S t y r e n e - m a l e i c  anhydr ide  h a l f - e s t e r  copolymers  

I n c r e a s e d  f l e x i b i l i t y  of  t h e  s t y r e n e - m a l e i c  a n h y d r i d e  
t y p e  polymer can  a l s o  be o b t a i n e d  by u s i n g  h a l f - e s t e r  po lymers .  
Samples o f  a s t y r e n e - m a l e i c  a c i d  h a l f  e s t e r ,  R X - 3 4 7 ,  t h a t  h a s  
good f i l m  f l e x i b i l i t y  when d r y  were s t e r i l i z e d  f o r  60 h r s .  
However, t h e  exposed  f i l m s  were v e r y  s o f t  and b r o k e  up on 
h a n d l i n g .  The poor  d u r a b i l i t y  was p r o b a b l y  t h e  r e s u l t  o f  i t s  
low m o l e c u l a r  weight  ( a b o u t  20,000)  s i n c e  c h e m i c a l  c o m p o s i t i o n  
a f t e r  h y d r o l y s i s  d u r i n g  s a p o n i f i c a t i o n  i s  a l m o s t  t h e  same as 
f o r  t h e  copolymer ,  ~ y t r o n @ 8 1 0 .  T h e r e f o r e ,  a sample o f  a n - o c t y l  
h a l f  e s t e r  copolymer was p r e p a r e d  from L y t r o n  810 polymer 
( m o l e c u l a r  we igh t  abou t  5 0 , 0 0 0 ) .  The q u a l i t y  o f  f i l m s  p r e p a r e d  
from t h i s  polymer were n o t  very  much improved,  however.  T e s t  
r e s u l t s  w i t h  t h i s  t y p e  o f  polymer i n d i c a t e d  t h a t  po lymers  w i t h  
much h i g h e r  m o l e c u l a r  we igh t  a r e  needed  to improve t h e  s t r e n g t h  
o f  f i l m s  d e r i v e d  from b o t h  t h e  a n h y d r i d e  and h a l f - e s t e r  
copolymers .  However, work w i t h  t h e  h a l f - e s t e r  and s a l t  e o - -  
po lymers  was abandoned i n  f a v o r  o f  t h e  t e r p o l y m e r s  d e s c r i b e d  
below b e c a u s e  t h e s e  t e r p o l y m e r s  gave  s u p e r i o r  f i l m s .  
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T a b l e  5 

PROPERTIES OF FILI4S OF LYTRON 8 1 0  SALTS (REF,  2 )  

S a l t  - 

L i  

K 

L i  

K 

T e n s i l e  % 
S t r e n g t h  E l  o n g a t i o n  

( p s i )  

3 8 0 0  

2 5 0 0  

2 4 0 0  

900 

5 

1 0  

2 0  

57 

% 
Re1 a t i  v e  
H u m i d i t y  

5 0  

5 0  

7 5  

75  



d.  S t y r e n e - m a l = i c  -- z n h y d r i a e - r n t ?  I __----__I u l - x ~ f l  mc.i , ! , r i r . ,*”  , ’ a t e  t e r n o l y m e r s  

These t y p e  polymers  g l v e  vz ry  f l + . . x i l ~ l . c ,  s t r o n g  f i l m s  
t h a t  c a n  be  hand led  e a s i l y  a t  low humjdi t :en .  A. comparison o f  
t h e  e l e c t r i c a l  p r o p e r t i e s  ( T a b l e  I) arid t e n s i l e  s t r e n g t h  ( T a b l e  3 )  
was made on 1.2 t o  1.9 m i l  t h i c k  f i l m s  o f  t h e s e  polymers  b e f o r e  
arid a f t e r  s t e r i l i z a t i o n  i n  4 0 %  KOH and i n  1M ZnO, 4 0 %  KOH.  Data 
from t h e s e  t e s t s  show t h a t  t h e i r  s e p a r a t o r  p r o p e r t i e s  a re  v e r y  
s i m i l a r  t o  t h e  2 - v i n y l p y r i d i n e - m e t h y l  m e t h a c r y l a t e  copolymers .  
However, t h e  t e r p o l y m e r  f i lms  have some a d v a n t a g e s .  F i r s t ,  t h e  
f i l m s  o f  t h e  t e r p o l y m e r s  show very  l i t t l e  t endency  t o  s h r i n k  
d u r i n g  s t e r i l i z a t i o n .  S e c o n d l y ,  t h e  f i l m s  a p p e a r  t o  res is t  z i n c  
p e n e t r a t i o n  b e t t e r ( T a b 1 e  4). Pore s j z e  nieasurements by t h e  
e l e c t r o l y t e  p e r m e a b i l i t y  method sheired t h 2 t  t h e  p o r e  s i z e  o f  
b o t h  f r e s h  and s t e r i l i z e d  f i l m s  was ve ry  small .  T h i r d l y ,  t h e  
t e r p o l y m e r  f i l m s  swe l l  and have somz c o n d u c t i v i t y  i n  4 0 %  KOH a t  
room t e m p e r a t u r e  due t o  t h e i r  ma le i c  a n h y d r i d e  c o n t e n t .  The 
V i n y l p y r i d i n e  copolymers  a r e  hydrophobic  b e f o r e  s a p o n i f i c a t i o n .  

The t e n s i l e  s t r e n g t h s  of d r y  f i l m s  o f  t h e s e  t e r p o l y m e r s  
were a l l  a p p r o x i m a t e l y  5000 p s i .  S t e r i l i z e d  f i l m s  showed wet 
t e n s i l e  s t r e n g t h  o f  800-1000 p s i  ( T a b l e  3 ) .  

T i e  r e s i s t i v i t y  of’ t h e s e  f i l m s  d e c r e a s e d  a f t e r  s t e r i l i z a -  
t i o n  ( c . g .  6 4 . 3  ohm-in, a f t e r ,  compared t o  200 ohm-in, b e f o r e ,  
f o r  1 0 0 2 4 P ) .  R e s i s t i v i t y  o f  t h e  t h r e e  t e r p o l y m e r s  t e s t e d  was 
g r e a t e r  i n  4 0 %  KOH,  1M ZnO t h a n  i n  4 0 %  KOH. The same d i f f e r e n c e  
was n o t e d  w i t h  samples  s t e r i l i z e d  i n  ? r J  7710, 40% KOH d i r e c t l y  as 
i n  samples  s t e r i l i z e d  i n  4 @ %  KO3 and ‘:ie:2 immersed i n  1M ZnO, 
4 0 %  KOH a t  s t e r i l i z a t i o n  t e m p e r a t u r e  ;or 16 h r s .  Only f i l m s  o f  
t e r p o l y m e r  10024F had n e a r  a c c e p t a b l e  L - e s l s t i v i t y  ( u n d e r  60  ohm- 
i n )  i n  t h e  z i n c a t e  e l e c t r o l y t e  ( 6 5 ,  6 9  ohm-in) .  The r e s u l t s  
i n d i c a t e  t h a t  a t e r p o l y m e r  w i t h  h i g h e r  m a l e i c  a n h y d r i d e  c o n t e n t  i s  
needed t o  meet a l l  s e p a r a t o r  s p e c i f i c a t i o n s .  

4 .  P o l y s t y r e n e s  w i t h  L i g a n d  S i j b s t i t u e n t s  

A membrane o f  t h e  4- ( 5-methylene-8-hydroxyquinolino)vinyl- 
b e n z e n e - s t y r e n e  0 . 2 7 : 0 . ‘ ( 3  copoiymer was p r e p a r e d  by c a s t i n g  a 
2 0 %  s o l u t i o u :  o f  polymer i n  benzene o n t o  a 3 - m i l  p o l y p r o p y l e n e  
s u b s t r a t e .  T h i s  mmbrane  had h igh  e l e c t r i c a l  r e s i s t a n c e  ( 2 . 7 5  
ohm-in’). 
s u b s t i t u t i o n  o f  l i g a n d  i n  t h i s  t y p e  o f  po lymer  i s  needed  t o  
lower  r e s i s t a n c e  to a u s a b l e  range  f o r  t h i s  program. 

Our t e s t  r e s u l t s  i n d i c a t e  t h a t  a h i g h e r  d e g r e e  o f  

5 .  P o l y (  2 - v i  n y l - 4 , 6 - d i  ami  n o - s - t r i a z i n e )  

Usable  membranes o f  t h i s  polymer were p r e p a r e d  b y  c a s t i n g  
a s o l u t i o n  c o n t a i n i n g  2 0  weight -% polymer i n  10% aqueous  H C 1  on 
po rous  3 - m i l  p o l y p r o p y l e n e  s u b s t r a t e .  A sample o f  t h i s  f i l m  
g a i n e d  58% i n  weight  a f t e r  s o a k i n g  o v e r n i g h t  i n  40% KOH and had 
a r e s i s t a n c e  o f  2 4  ohm-in. Th i s  i n d i c a t e s  t h a t  amino s u b s t i t u e n t s  

1 6  
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may be  as e f f e c t i v e  as c a r b o x y l i c  a c i d  and h y d r o x y i  groups  i n  
l o w e r i n g  r e s i s t i v i t y  of o r g a n i c  po lymers .  However, t h i s  p a r t i c -  
u l a r  polymer i s  n o t  s t a b l e  i n  4 0 %  KOH a t  135°C. A sample of t h e  
polymer  i n  powder form hydro lyzed  and e v o l v e d  ammonia d u r i n g  t h e  
60-hour s c r e e n i n g  t e s t .  

C .  S C R E E N I N G  TESTS F O R  POLYMER S T A B I L I T Y  

1 .  T h e r m a l  S t a b i l i t y  a t  135°C 

The t h e r m a l  s t a b i l i t y  o f  o u r  c a n d i d a t e  polymers  was 
d e t e r m i n e d  by i s o t h e r m a l  g r a v i m e t r i c  a n a l y s i s .  Samples were 
h e a t e d  a t  135°C i n  a n i t r o g e n  a tmosphere  f o r  6 0  h o u r s .  The t e s t  
p r o c e d u r e  i s  d t s c r i b e d  i n  t h e  Exper imen ta l  sec t i -o r , .  The e x t e n t  
o f  d e g r a d a t i o n  was de te rmined  by measu r ing  we igh t  l o s s  and b y  
comparing t h e  i n f r a r e d  s p e c t r a  of t h e  polymers  b e f o r e  and a f t e r  
e x p o s u r e .  

T a b l e  6 l i s t s  da t a  from t h e s e  t e s t s .  It a p p e a r s  t h a t  t h e  
i n i t i a l  we igh t  l o s s e s  a r e  due to a d s o r b e d  v o l a t i l e s ,  p r i n c i p a l l y  
water,  i n  t h e  samples .  

S e v e r a l  po lymers  w i t h  c a r b o x y l i c  a c i d  s u b s t i t u e n t s  
d e h y d r a t e d  p a r t i a l l y  t o  a n h y d r i d e s  unde r  t h e  t e s t  c o n d i t i o n s .  
The i n f r a r e d  s p e c t r a  o f  t h e s e  exposed samples  s lowed i n c r e a s e s  i n  
a b s o r p t i o n  a t  5.55 t o  5.60~1, c h a r a c t e r i s t i c  o f  t h e  a n h y d r i d e  
g roup .  The e x t e n t  o f  d e h y d r a t i o n  v a r i e d  from s l i g h t  f o r  t h e  
2-vinylpyridine-methacrylic a c i d  copolymers  t o  a lmos t  q u a n t i t a , t i v e  
d e h y d r a t i o n  o f  t h e  e t h y l e n e - m a l e i c  a c i d  copolymer .  

No o t h e r  d e f i n i t e  changes i n  polymer s t r u c t u r e  were 
d e t e c t e d  from t h e  i n f r a r e d  s p e c t r a  o f  t h e  o t h e r  s amples .  With 
t h e  e x c e p t i o n  of  p o l y ( s t y r e n e  a z o s a l i c y l i c  a c i d )  and p o l y ( s t y r e n e  
azo -8 -hydroxyqu ino l ine ) :  t h a t  c o n t a i n  n i t r o  i m p u r i t i e s ,  a l l  po lymers  
can  b e  c o n s i d e r e d  s t a b l e .  

2 .  S t a b i l i t y  i n  4 0 %  K O H  a t  135°C 

a .  T e s t  P r o c e d u r e  

The f o l l o w i n g  p r o c e d u r e  was used  t o  t e s t  t h e  s t a b i l i t y  
o f  o u r  l i g a n d - c o n t a i n i n g  polymers  i n  s t r o n g  c a u s t i c .  

(1) Powdered samples  of e a c h  polymer were immersed i n  
4 0 %  KOH c o n t a i n e d  i n  a T e f l o n  l i n e d  s t a i n l e s s  s t e e l  
bomb. 

( 2 )  The bombs were h e a t e d  i n  a n  oven c o n t r o l l e d  a t  
i35+1.5"C f o r  a t  l e a s t  60 h o u r s .  

(3) The polymer was r e c o v e r e d  and examined.  
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I n  t h i s  t e s t ,  a l l  material  t h a t  d i s s o l v e d  i n  t h e  40% KOH 
t e s t  s o l u t i o n ,  b o t h  s t ab le  b u t  s o l u b l e  f r a c t i o n s  of polymer and 
s o l u b l e  d e g r a d a t i o n  p r o d u c t s ,  was c o n s i d e r e d  as weight  l o s t .  

The p r o c e d u r e  f o r  r e c o v e r y  o f  t h e  polymers  n e c e s s a r i l y  
v a r i e d  b e c a u s e  o f  t h e  d i f f e r e n t  s o l u b i l i t y  c h a r a c t e r i s t i c s  o f  
t h e  po lymers .  The f o l l o w i n g  t a b u l a t i o n  i l l u s t r a t e s  t h e  g e n e r a l  
p r o c e d u r e  used  t o  remove KOH r e s i d u e s  from t h e  r e c o v e r e d  s a m p l e s :  

Polymer Type KOH Removal Method 

A .  Water -- i n s o l u b l e  M u l t i p l e  washing  w i t h  water 

B. Wate r - so lub le  
1. A l c o h o l - i n s o l u b l e  M u l t i p l e  washing  w i t h  a l c o h o l  
2 .  A l c o h o l - s o l u b l e  E x t r a c t  w i t h  o r g a n i c  s o l v e n t  and 

r e c o v e r  by e v a p o r a t i o n  o f  
s o l v e n t  

C .  S a l t - f o r m i n g  N e u t r a l i z e  and wash f r e e  o f  s a l t s  
as f o r  A or B above 

The r e c o v e r e d  p r o d u c t s  were checked  f o r  p o s s i b l e  deg rad -  
a t i o n  by comparing w e i g h t ,  a p p e a r a n c e ,  i n f r a r e d  s p e c t r a ,  s o f t e n i n g  
p o i n t s ,  s o l u b i l i t y  c h a r a c t e r i s t i c s ,  and v i s c o s i t y  b e f o r e  and a f t e r  
e x p o s u r e .  These d a t a  are summarized i n  T a b l e  7 .  

b .  A n a l y s i s  o f  Polymers Exposed t o  40% K O H  a t  135°C 

1 )  2 - V i n y l p y r i dine-(meth)acrylic Acid and E s t e r  C o p o l y m e r s  

Ligand-polymers o f  t h i s  t y p e  t h a t  w e  e v a l u a t e d  were h i g h l y  
r e s i s t a n t  t o  4 0 %  KOH.  Weight l o s s e s  were low and p r o p e r t i e s  of  
r e c o v e r e d  polymers  were e s s e n t i a l l y  unchanged.  For example,  a 
0 . 5 7 : 0 . 4 3  copolymer o f  2-vinylpyridine-methacrylic a c i d  s u f f e r e d  
o n l y  3 . 2 %  we igh t  loss and had i d e n t i c a l  v i s c o s i t y  i n  0 . 4 5 %  d i -  
methylformamide s o l u t i o n s  b e f o r e  and a f t e r  e x p o s u r e .  

A copolymer of  ethyl-2-vinylpyridine-methacrylic a c i d  i n  
r a t i o  0 .58 :0 .42  showed much h i g h e r  we igh t  loss ( 1 6 . 5 % )  t h a n  o t h e r  
po lymers  o f  t h i s  t y p e .  T h i s  weight  loss may b e  due to l o s s  o f  
low m o l e c u l a r  we igh t  s o l u b l e  p o r t i o n s  r a t h e r  t h a n  d e g r a d a t i o n  
r e s u l t i n g  from t h e  p r e s e n c e  o f  t h e  e t h y l  g roup .  P r o p e r t i e s  o f  
r e c o v e r e d  polymer were e s s e n t i a l l y  unchanged.  

The 2 - v i n y l p y r i d i n e - m e t h y l  a c r y l a t e  copolymer was a l s o  
r e c o v e r e d  e s s e n t i a l l y  unchanged a f t e r  e x p o s u r e  e x c e p t  f o r  com- 
p l e t e  s a p o n i f i c a t i o n  of  i t s  e s t e r  g roup .  The p h y s i c a l  p r o p e r t i e s  
o f  t h e  exposed  sample were compared to t h o s e  o f  a sample o f  t h i s  
copolymer that was s a p o n i f i e d  i n  1N N a O H .  
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T o t a l  r e c o v e r y  of 2 -v iny lpyr id ine -me thy l  m e t h a c r y l a t e  
po lymers  was o v e r  9 0 %  w i t h  t h e  e x c e p t i o n  o f  t h e  polymer w i t h  h i g h  
a c i d  c o n t e n t  ( 7 7 % )  t h a t  d i s s o l v e d  on h y d r o l y s i s  (120-hr  e x p o s u r e ) .  
These polymers  are o n l y  p a r t . i a l l y  s a p o n i f i e d  d u r i n g  t h e  60 h r  
e x p o s u r e  p e r i o d  i n  c o n t r a s t  to t h e  more e a s i l y  s a p o n i f i e d  a c r y l a t e  
e s t e r s  t h a t  s a p o n i f y  c o m p l e t e l y .  The r e c o v e r e d  polymers  were 
i s o l a t e d  i n  two f r a c t i o n s .  The s a p o n i f i e d  f r a c t i o n  was s o l u b l e  
i n  d i l u t e  c a u s t i c .  I t s  spec t rum i n  t h e  a c i d  form was i d e n t i c a l  
t o  t h a t  o f  a sample o f  polymer s a p o n i f i e d  i n  a l c o h o l i c  1N N a O H .  
The s p e c t r u m  o f  t h e  p o t a s s i u m  s a l t  o f  t h i s  f r a c t i o n  showed no 
r e s i d u a l  e s t e r  f u n t i o n a l i t y .  The s p e c t r u m  o f  t h e  w a t e r - i n s o l u b l e  
f r a c t i o n  was i d e n t i c a l  to t h a t  o f  t h e  o r i g i n a l  e s t e r  form o f  
po lymer .  The p e r c e n t a g e  r e c o v e r e d  i n  t h e  e s t e r  form was 7 2 %  f o r  
t h e  0 . 5 4 : 0 . 4 6  polymer ( 9 4 5 0 3 )  and  51% f o r  t h e  0.38:0.62 polymer 
( 9 4 5 0 5 ) .  

Weight l o s s e s  o f  t h e  2-vinylpyridine-methacrylic a c i d -  
b u t y l v i n y l  e t h e r  t e r p o l y m e r s  were h i g h e r  t h a n  would b e  e x p e c t e d .  
No changes  i n  chemica l  s t r u c t u r e  o f  r e c o v e r e d  polymers  were de- 
t e c t e d  and i t  a p p e a r s  t h a t  t h i s  weight  loss i s  due t o  s o l u b i l i t y  
o f  low m o l e c u l a r  we igh t  f r a c t i o n s  i n  4 0 %  KOH. 

2 )  C a n d i d a t e  P o l y m e r  B a c k b o n e s  

P o l y s t y r e n e  and po ly -N-v iny lca rbazo le  were r e c o v e r e d  

3 )  P o l y s t y r e n e s  w i t h  L i g a n d s  on  M e t h y l e n e  L i n k a g e  

The methylene  l i n k a g e  on p o l y s t y r e n e  was found t o  b e  
s t a b l e  u n d e r  t e s t  c o n d i t i o n s .  T h e r e f o r e ,  s c r e e n i n g  t e s t s  o f  
p o l y s t y r e n e s  c o n t a , i n i n g  l i g a n d  s u b s t i t u e n t s  on a methylene  l i n k -  
a g e  a p p e a r  t o  measure t h e  s t a b i l i t y  o f  t h e  l i g a n d  s u b s t i t u e n t  
i t s e l f .  The s t a b i l i t y  o f  t h e  methylene l i n k a g e  was conf i rmed  b y  
a l m o s t  q u a n t i t a t i v e  r.zcovery o f  p o l y v i n y l b e n z y l c h l o r i d e  a f t e r  
e x p o s u r e .  T h i s  polymer c r o s s l i n k e d  s l i g h t l y  d u r i n g  e x p o s u r e  
s i n c e  t h e  exposed  sample was i n s o l u b l e  i n  d i o x a n e  and o t h e r  s o l -  
v e n t s  f o r  t h e  l i n e a r  polymer.  However, t h e  i n f r a r e d  s p e c t r u m  o f  
t h e  exposed  sample showed t h a t  t h e  major  p a r t  o f  t h e  ch lo romethy l  
g roups  was s t i l l  p r e s e n t  ( 7 . 9 6  p). 

e s s e n t i a l l y  unchanged a f t e r  exposure .  

The f a c t  t h a t  t h i s  ch lo romethy l  group was n o t  h y d r o l y z e d  
unde r  t e s t  c o n d i t i o n s  i s  s u r p r i s i n g .  However, a n a l y s i s  o f  
d e g r a d a t i o n  p r o d u c t s  of  polymers t e s t e d  p o i n t  up t h e  f a c t  t h a t  
40% KOH a c t s  p r i n c i p a l l y  a s  a d e h y d r a t i o n  a g e n t .  
r e a c t i v e  g roups  s u c h  as e s t e r s  and a n h y d r i d e s  h y d r o l y z e  i n  4 0 %  
KOH unde r  t h e  t e s t  c o n d i t i o n s .  

Only v e r y  

S e v e r a l  po lymers  t h a t  have me thy lene  l i n k a g e s  between 
t h e  l i g a n d  g roups  and t h e  polymer backbone were t e s t e d .  Two o f  
t h e s e ,  poly[vinylbenzyl-l-(2-pyridylmethylamine)] and p o l y [ v i n y l -  
benzyl-l-(B-aminoethyl)-2-methyl-2 i m i d a z o l i n e ] ,  were r e c o v e r e d  
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e s s e n t i a l l y  unchanged a f t e r  t h e  t e s t .  

Two o t h e r  p o l y v i n y l b e n z y l  po lymers  t e s t e d  had s l i g h t l y  
h i g h e r  we igh t  l o s s e s .  These polymers had c a t e c h o l  and 2 - ( p y r i d y l -  
e t h y l )  amine as l i g a n d  s u b s t i t u e n t s  and l o s t  a b o u t  1 0 %  we igh t  on 
e x p o s u r e .  Changes i n  s t r u c t u r e  o f  r e c o v e r e d  polymers  d e t e c t e d  
i n  t h e  i n f r a r e d  s p e c t r a  were minor.  Both polymers  showed i n c r e a s e  
i n  a b s o r p t i o n  a t  6 2 0.2u, some o f  which may b e  caused  by d i f f e r i n g  
amounts o f  adso rbed  water on t h e s e  h y d r o s c o p i c  po lymers .  Quinone  
f o r m a t i o n  from a i r  o x i d a t i o n  i s  a p o s s i b l e  s o u r c e  o f  t h e s e  abso rp -  
t i o n s  i n  t h e  c a t e c h o l  polymer.  

Another  polymer o f  t h i s  t y p e ,  p o l y ( v i n y l b e n z y l s a l i c y 1 i . c  
a c i d ) ,  had a we igh t  loss o f  1 6 % .  Changes d e t e c t e d  i n  i t s  i n f r a -  
r e d  s p e c t r a  i n d i c a t e  t h i s  weight  l o s s  may be due to deca rboxy la -  
t i o n .  

4 )  O the r  S u b s t i t u e n t s  on P o l y s t y r e n e  Backbone 

P o l y (  a m i n o s t y r e n e )  and p o l y ( a m i n o n i t r o s t y r e n e )  were 
t e s t e d  s i n c e  u n r e a c t e d  amino and n i t r o  g roups  a r e  p r e s e n t  i n  some 
polymers  d e r i v e d  from p o l y ( a m i n 0 s t y r e n e ) .  P o l y ( a m i n 0 s t y r e n e )  
was s t a b l e  and was r e c o v e r e d  unchanged. The p o l y (  a m i n o n i t r o -  
s t y r e n e )  sample ,  however,  was degraded  e x t e n s i v e l y .  T h i s  sample 
showed no a b s o r p t i o n  i n  t h e  i n f r a r e d  a t  7.511 c h a r a c t e r i s t i c  o f  
t h e  n i t r o  group a f t e r  e x p o s u r e .  The we igh t  l o s t  ( 2 8 % )  by t h e  
sample  i s  e q u i v a l e n t  o t  l o s s  of t h e  n i t r o  s u b s t i t u e n t  f rom t h e  
polymer ,  b u t  d e g r a d a t i o n  was p robab ly  a c o m p l i c a t e d  p r o c e s s  
i n v o l v i n g  p a r t i a l  r e d u c t i o n  o f  t h e  n i t r o  g roup  and o x i d a t i o n  o f  
t h e  polymer .  The d a r k  r e d  c o l o r a t i o n  o f  t h e  KOH s o l u t i o n ,  v i s -  
i b l e  a f t e r  t h e  t e s t ,  i n d i c a t e s  t h e  p r o b a b l e  p r e s e n c e  o f  p a r t i a l l y  
r e d u c e d  i o n i z e d  n i t r o g e n  s p e c i e s  ( r e f .  3 ) .  These r e s u l t s  i n d i c a t e  
t h a t  i t  i s  n e c e s s a r y  t o  u s e  p o l y ( a m i n 0 s t y r e n e )  f r e e  o f  a l l  n i t r o  
g roups  i n  polymer p r e p a r a t i o n s  to i n s u r e  s t a b i l i t y ,  b u t  u n r e a c t e d  
amino g r o u p s  can  b e  t o l e r a t e d .  

Two polymers  w i t h  t h e  azo l i n k a g e  on p o l y s t y r e n e  backbones 
were t e s t e d :  po lys ty rene -azo -8 -hydroxyqu ino l ine  and p o l y s t y r e n e -  
a z o s a l i c y l i c  a c i d .  Both polymers  l o s t  a p p r o x i m a t e l y  25% of  t h e i r  
we igh t  d u r i n g  63 h o u r s '  exposure .  The same samples  when exposed  
t o  a second  63 hour  c y c l e  c o n t i n u e d  t o  l o s e  we igh t  a t  a p p r o x i m a t e l y  
t h e  same r a t e .  The low s t a b i l i t y  o f  t h e s e  polymers  may be  c a u s e d ,  
i n  p a r t ,  by t h e  p r e s e n c e  o f  n i t r o  s u b s t i t u e n t  i m p u r i t i e s .  

The s u l f o n i c  group on t h e  p o l y s t y r e n e  backbone a p p e a r s  
t o  have good s t a b i l i t y  i n  4 0 %  KOH. A sample o f  A m b e r l i t e  1 2 0  
HCP was r e c o v e r e d  w i t h o u t  loss o f  w e i g h t .  
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5) Polymers Containing Acrylonitrile 

A c r y l o n i t r i l e  was p o t e n t i a l l y  a u s e f u l  monomer f o r  t h i s  
program b e c a u s e  o f  i t s  a b i l i t y  t o  copo lymer i ze  w i t h  some monomer- 
l i g a n d s  t h a t  do n o t  homopolymerize.  Two polymers  c o n t a i n i n g  
a c r y l o n i t r i l e ,  a s t y r e n e - a c r y l o n i t r i l e  copolymer (Monsanto C N - 5 4 )  
and a s t y r e n e - a c r y l o n i t r i l e - b u t a d i e n e  t e r p o l y m e r  (Monsanto CD-600), 
were t e s t e d .  Comparison of t h e  i n f r a r e d  s p e c t r a  o f  exposed  and 
f r e s h  samples  i n d i c a t e d  t h a t  most o f  t h e  n i t r i l e  s u b s t i t u e n t  
s u r v i v e d  unchanged.  Comparison o f  v i s c o s i t y  o f  polymer s o l u t i o n s  
and s o f t e n i n g  p o i n t s  of  t h e s e  polymers  b e f o r e  and a f t e r  a l s o  
i n d i c a t e d  l i t t l e  a t t a c k  by KOH. S l i g h t  h y d r o l y s i s  o f  t h e  t e r -  
polymer d i d  o c c u r ;  t h e  o d o r  o f  ammonia was e v i d e n t  i n  t h e  sample 
a f t e r  e x p o s u r e .  However, t h e  e x t e n t  o f  h y d r o l y s i s  o f  b o t h  these  
samples  was v e r y  minor  compared t o  t h a t  o f  t h e  homopolymer, po ly -  
a c r y l o n i t r i l e  which d i s s o l v e d  comple t e ly  unde r  t h e  t e s t  c o n d i t i o n s .  
The lower  s t a b i l i t y  of t h e  homopolymer may b e  t h e  r e s u l t  o f  t h e  
g r e a t e r  s o l u b i l i t y  o f  i t s  h y d r o l y s i s  p r o d u c t ,  p o l y ( s o d i u m  a c r y l -  
a t e ) ,  i n  4 0 %  c a u s t i c .  

I n  c o n c l u s i o n ,  t hese  t e s t  r e s u l t s  i n d i c a t e d  t h a t  p h y s i c a l  
p r o p e r t i e s  of copolymers  c o n t a i n i n g  a c r y l o n i t r i l e  p r o b a b l y  would 
n o t  b e  e f f e c t e d  a d v e r s e l y  b y  t h e  s t e r i l i z a t i o n  c y c l e .  However, 
t hese  mater ia ls  p r o b a b l y  c o u l d  n o t  be  used  as s e p a r a t o r  mater ia ls  
b e c a u s e  o f  d e t r i m e n t a l  e f f e c t  of even  small amounts o f  ammonia 
on t h e  s i l v e r  o x i d e  e l e c t r o d e .  

6) Maleic Anhydride Copolymers 

The r e c o v e r e d ,  exposed  samples  of a s t y r e n e - m a l e i c  anhyd- 
r i d e  copolymer had a l m o s t  i d e n t i c a l  p r o p e r t i e s  t o  a sample hydro- 
l y z e d  i n  1 N  N a O H  e x c e p t  v i s c o s i t y  was s l i g h t l y  lower .  The d i f -  
f i c u l t y  i n  r e c o v e r i n g  t h e s e  w a t e r - s o l u b l e  polymers  l i m i t e d  
a c c u r a c y  i n  measu r ing  weight  l o s s .  Weight l o s s  o f  an  exposed  
sample r e c o v e r e d  b y  a c i d i f i c a t i o n  and washing  w i t h  d i l u t e  H C 1  was 
2 1 . 5 %  compared to 23% f o r  a c o n t r o l  sample h y d r o l y z e d  i n  1N N a O H  
and r e c o v e r e d  i n  t h e  same way. 

Samples o f  e t h y l e n e - m a l e i c  a c i d  copolymer (EMA-22) and 
m e t h y l v i n y l  e t h e r - m a l e i c  anhydr ide  copolymer ( G a n t r e z  AN-169)  
were found to b e  s o l u b l e  i n  4 0 %  KOH.  

7) Poly(Vinylaceta1s) Derived from Poly(viny1 a l c o h o l )  

The a c e t a l  g roup  i t s e l f ,  

n 
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a p p e a r s  s t a b l e  under  t h e  t e s t  c o n d i t i o n s .  However, s t a b i l i t y  of  
t h e  a c e t a l  polymer a p p e a r s  to be l i m i t e d  b y  d e g r a d a t i o n  o f  un- 
r e a c t e d  h y d r o x y l  groups  on t h e s e  po lymers .  These c o n c l u s i o n s  a re  
based on t h e  f o l l o w i n g  e v i d e n c e :  

1. The magnitude of a b s o r p t i o n s  i n  t h e  i n f r a r e d ,  
a t t r i b u t e d  t o  formal  and  a c e t a l  f u n c t i o n s  ( r e f .  4), 
are a p p r o x i m a t e l y  t h e  same i n  t h e  samples  b e f o r e  and 
a f t e r  t h e  exposure  p e r i o d ,  a l t h o u g h  exposed  samples  
show g e n e r a l  b roaden ing  i n  t hese  r e g i o n s .  (Disap-  
p e a r a n c e  of  a c e t a t e  f u n c t i o n  i s  d e t e c t e d  i n  t hese  
s p e c t r a ) .  

2 .  Weight l o s s  o f  a l l  a c e t a l  po lymers  was a p p r e c i a b l y  
l e s s  t h a n  weight  loss b y  p o l y ( v i n y 1  a l c o h o l ) .  Degrad- 
a t i o n  o f  p o l y ( v i n y 1  a l c o h o l )  was e x t e n s i v e  as shown 
b y  a weight  l o s s  of  4 7 %  and t h e  f a c t  t h a t  t h e  recov-  
ered p r o d u c t  was l a r g e l y  i n s o l u b l e  i n  water i n d i c a t i n g  
e x t e n s i v e  c r o s s l i n k i n g .  

3.  Weight l o s s  b y  a c e t a l s  w i t h  d i f f e r e n t  s u b s t i t u e n t s  
b u t  i d e n t i c a l  a c e t a l  f u n c t i o n a l i t y  were a b o u t  t h e  
same. 

I n  c o n v e n t i o n a l  methods o f  p r e p a r i n g  a c e t a l  po lymers  t h e  
h i g h e s t  a ce t a l  f u n c t i o n a l i t y  o b t a i n e d  i s  80-88%. T h e r e f o r e ,  
t h i s  c l a s s  o f  compounds was d ropped  from c o n s i d e r a t i o n .  

8) Po l y - N - V i n y l p y r r o l i d o n e  

I n  t h e  t e s t  i n  4 0 %  KOH t h i s  polymer degraded t o  an i n s o l -  
u b l e ,  p resumably  c r o s s l i n k e d  p roduc t  w i t h  1 6 %  l o s s  o f  w e i g h t .  
I t s  s p e c t r a  i n  t h e  i n f r a r e d  was unchanged a f t e r  e x p o s u r e  e x c e p t  
f o r  a g e n e r a l  b r o a d e n i n g .  I n  1N N a O H  t h e  p y r r o l i d o n e  r i n g  i s  
r e p o r t e d  t o  open to form an amino a c i d  and t h e  polymer r ema ins  
s o l u b l e  ( r e f .  5 ) .  

9) Poly(N-Vinyl imidazole) 

A sample o f  t h i s  polymer,  s u p p l i e d  b y  Bad i sche  A n i l i n  and 
Soda-Fabr ik  A G ,  lost 39% o f  i t s  weight  d u r i n g  e x p o s u r e  i n  4 0 %  
KOH a t  135OC. The r e c o v e r e d  f r a c t i o n  a p p a r e n t l y  was h i g h l y  
c r o s s l i n k e d  s i n c e  i t s  s o f t e n i n g  p o i n t  was h i g h e r  t h a n  t h e  f r e s h  
sample ,  and i t  was no l o n g e r  s o l u b l e  i n  water.  I t s  s p e c t r u m  i n  
t h e  i n f r a r e d  was unchanged,  however. 

D .  S Y N T H E S I S  O F  L I G A N D - C O N T A I N I N G  P O L Y M E R S  

1 .  G eneral 

Two g e n e r a l  methods were used  t o  p r e p a r e  t h e  l i g a n d -  
po lymers .  One method i n v o l v e d  s u b s t i t u t i o n  o f  l i g a n d s  on a 
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polymer  backbone by a c o u p l i n g  r e a c t i o n .  T h i s  method was used  
to s u b s t i t u t e  l i g a n d s  on p o l y s t y r e n e  v i a  me thy lene ,  a z o ,  o r  
amino l i n k a g e s .  Polymers p r e p a r e d  by t h i s  method a r e  d e s c r i b e d  
i n  S e c t i o n  I I I . D 1 3  o f  t h i s  r e p o r t .  

A l i m i t e d  amount o f  work was a l s o  done u s i n g  t h i s  method 
to s u b s t i t u t e  l i g a n d s  on p o l y ( v i n y 1  a l c o h o l )  by r e a c t i o n  w i t h  
l i g a n d s  c o n t a i n i n g  a ldehyde  s u b s t i t u e n t s  t o  form an a c e t a l  
po lymer .  T h i s  work was t e r m i n a t e d  when t h e  r e s u l t s  of  o u r  
s t a b i l i t y  t e s t s  o f  these  a c e t a l  po lymers  i n  4 0 %  KOH showed t h a t  
t h e y  d i d  n o t  have t h e  r e q u i r e d  s t a b i l i t y  f o r  t h i s  a p p l i c a t i o n .  

The second method used  to p r e p a r e  l i gand-po lymers  was by 
t h e  c o p o l y m e r i z a t i o n  of  two l i g a n d  monomers to form a c h e l a t e  
group d i r e c t l y  i n  t h e  1:l copolymer.  Polymers t h a t  were p r e p a r e d  
b y  t h i s  method a re  d e s c r i b e d  i n  S e c t i o n  I I I . D . 2 .  

The l i g a n d  g roups  i n c o r p o r a t e d  i n t o  t h e s e  polymers  a re  
g i v e n  i n  T a b l e  8 .  These p a r t i c u l a r  c h e l a t i n g  g roups  were chosen  
f o r  t h e  f o l l o w i n g  two r e a s o n s .  F i r s t ,  t h e y  form s t a b l e  c h e l a t e s  
i n  b a s i c  media.  Second,  t h e y  shou ld  have goood s t a b i l i t y  i n  
s t r o n g  c a u s t i c  a t  135°C. 

2. Vinylpyridine Copolymers 

C h e l a t i o n  s i t e s  were i n t r o d u c e d  d i r e c t l y  i n t o  a polymer 
by c o p o l y m e r i z a t i o n  o f  two l i g a n d  monomers t h a t  form a c h e l a t i n g  
s i t e  i n  e a c h  1:l copolymer u n i t .  Fo r  example ,  c o p o l y m e r i z a t i o n  
o f  2 - v i n y l p y r i d i n e  and m e t h a c r y l i c  a c i d  y i e l d s  a polymer w i t h  
t h i s  l i g a n d  g r o u p i n g :  

Copolymers w i t h  d i f f e r e n t  monomer r a t i o s  were p r e p a r e d  by b u l k  
p o l y m e r i z a t i o n  o f  t h e  above r e a c t a n t s  w i t h  a z o - b i s  i s o b u t y r o n i t -  
r i l e  c a t a l y s t  f o l l o w i n g  a p rocedure  d e s c r i b e d  b y  A l f r e y  and 
Morawetz ( r e f s .  6,7). Our s c r e e n i n g  t e s t s  showed these  polymers  
to b e  e x c e p t i o n a l l y  s t a b l e  i n  40% K O H .  However, t h e y  gave b r i t t l e  
f i l m s .  T h e r e f o r e ,  s e v e r a l  t y p e s  of  2 - v i n y l p y r i d i n e  copo lymers ,  
d i s c u s s e d  below,  were p r e p a r e d  t o  f i n d  polymer c o n f i g u r a t i o n s  
w i t h  t h e  optimum combina t ion  of f i lm- fo rming  a b i l i t y  and low 
e l e c t r i c a l  r e s i s t a n c e .  Data d e s c r i b i n g  these  polymers  are  i n  
T a b l e  9. They were p r e p a r e d  b y  b u l k  p o l y m e r i z a t i o n  i n  a n i t r o g e n  
a tmosphe re .  D e t a i l s  o f  t h e i r  p r e p a r a t i o n  are d e s c r i b e d  i n  t h e  
E x p e r i m e n t a l  S e c t i o n .  



T a b l e  8 

LIGAND G R O U P S  FOR I N C O R P O R A T I O N  I N T O  VINYL POLYMERS 

Name 

1.  P y r i d i n e - a c i d s  

! 
I 2 .  A m i n o p y r i d i n e s  

S t r u c t u r e  

C O O H  

3 .  8 - H y d r o x y q u i  no1 i nes 

OH 

4 .  S a l i c y l i c  A c i d  

5 .  C a t e c h o l  

C O O H  
O H  

@ O H  

O H  

D o n o r  Groups  

N O  

N N  

N O  

0 0  

0 0  



I .  
a. 2 - V i n y l p y r i d i n e - M e t h y l  Methacrylate and A c r y l a t e  C o p o l y m e r s  

Copolymers o f  t h i s  t y p e  g i v e  t h e  c o r r e s p o n d i n g  a c i d  copoly-  
mers by in situ s a p o n i f i c a t i o n  i n  b a s e  d u r i n g  s t e r i l i z a t i o n .  All 
t h e  e s t e r  polymers  y i e l d e d  f l e x i b l e  f i l m s .  Acid copolymers  d e r i v e d  
f rom t h e  m e t h a c r y l a t e  e s t e r  copolymers r e t a i n e d  shape  and s t r e n g t h  
b e t t e r  t h a n  t h o s e  d e r i v e d  from a c r y l a t e  e s t e r .  T h e r e f o r e ,  s e v e r a l  
copolymers  w i t h  a r ange  of e s t e r  c o n t e n t s  f rom 4 6 %  t o  77% were 
p r e p a r e d  t o  f i n d  t h e  b e s t  r a t i o  f o r  b o t h  good f i l m  d u r a b i l i t y  and 
low e l e c t r i c a l  r e s i s t a n c e .  

b .  2 - V i n y l p y r i d i n e - D i e t h y l  F u m a r a t e  C o p o l y m e r  

The polymer p r e p a r e d  by c o p o l y m e r i z a t i o n  o f  a 1:l c h a r g e  
o f  monomers had  a 0 .66 :0 .34  monomer c o m p o s i t i o n .  I t s  m o l e c u l a r  
w e i g h t ,  b a s e d  on v i s c o s i t y ,  was v e r y  low and t h e  polymer gave  
v e r y  b r i t t l e  f i l m s .  

c. 2-Vi n y l  pyri di ne-Methacryl i c Aci d-Butyl vinyl E t h e r  
T e r p o  1 y m e r s  

A t e c h n i q u e  for improving  t h e  f i lm- fo rming  c h a r a c t e r i s t i c  
o f  m e t h a c r y l i c  a c i d  copolymers  d i r e c t l y  i s  t o  i n c o r p o r a t e  b u t y l -  
v i n y l  e t h e r  u n i t s  i n t o  t h e  polymer c h a i n .  Two t e r p o l y m e r s  o f  
2 - v i n y l p y r i d i n e ,  m e t h a c r y l i c  a c i d  and b u t y l v i n y l  e t h e r  were p r e -  
p a r e d .  A polymer h a v i n g  approx ima te ly  e q u a l  mole r a t i o s  of  t h e  
t h r e e  monomers had improved f i lm- fo rming  c h a r a c t e r i s t i c s  b u t  had 
a h i g h  e l e c t r i c a l  r e s i s t a n c e  ( 3 1  o h m s - i n 2 ) .  A t e r p o l y m e r  w i t h  
lower  b u t y l v i n y l  e t h e r  c o n t e n t  (0.35:0.55:0.10) d i d  n o t  g i v e  a 
u s a b l e  f i l m .  V i s c o s i t y  measurements o f  b o t h  t h e s e  polymers  
i n d i c a t e  t h a t  t h e i r  m o l e c u l a r  w e i g h t s  are  low. 

d. 2-Vi nyl pyridine-Mal ei c Anhydride P o l y m e r s  

T h i s  t y p e  was chosen  b o t h  b e c a u s e  o f  i t s  e a s y  c o n v e r s i o n  
t o  t h e  f r e e  a c i d  form and because  i t  does  n o t  g i v e  any v o l a t i l e  
p r o d u c t s  on h y d r o l y s i s .  S e v e r a l  a t t e m p t s  were made t o  p r e p a r e  
2 - v i n y l p y r i d i n e - m a l e i c  a n h y d r i d e - b u t y l v i n y l  e t h e r  t e r p o l y m e r s  and 
2 - v i n y l p y r i d i n e - m a l e i c  anhydr ide  copolymers  w i t h  b o t h  f r e e  r a d i -  
c a l  c a t a l y s t s  and z i n c  c h l o r i d e  c a t a l y s t s .  A l l  po lymers  were 
brown powders ,  and measurements o f  v i s c o s i t y  o f  s o l u t i o n s  of two 
o f  t h e  polymers  i n d i c a t e d  t h a t  t h e y  have low m o l e c u l a r  w e i g h t s .  
The m a l e i c  a n h y d r i d e  c o n t e n t  of t h e s e  po lymers ,  e s p e c i a l l y  t h e  
copolymer ,  a r e  v e r y  h i g h .  These p r o p e r t i e s  s u g g e s t  t h a t  t h e  
p r o d u c t s  are  low m o l e c u l a r  weight  complexes.  

e. 2 - V i n y l p y r i d i n e - H y d r o x y e t h y l  M e t h a c r y l a t e  C o p o l y m e r  

A sample o f  t h i s  copolymer was p r e p a r e d  by b u l k  po lymer i z -  
a t i o n  of  e q u a l  mole q u a n t i t i e s  o f  t h e  monomers w i t h  a z o - b i s - i s o -  
b u t y r o n i t r i l e  c a t a l y s t .  We e x p e c t e d  t h a t  t h e  h y d r o x y l  s u b s t i t u e n t  
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COMPOSITION O F  LIGAND C O P O L Y M E R S  A N D  TERPOLYMERS 

S o l v e n t  
C o n v e r -  n o n - s o l v e n t  

s i o n  Used f o r  
w t - X  P u r i f i c a t i o n  

Mole R a t i o  
Monomers 

i n  PolymerC 

0 . 5 6 : O .  44  

0 . 5 6 :  0 . 4 4  

0 . 7 5 : 0 . 2 5  

R e a c t i o n  
Mole R a t i o  T i m e ( h r ) b  

Monomers a t  60°C 

0 . 3 3 ~ 0 . 6 7  4 - 1 / 3  

R e f .  Monome r s a  

8 9 7 6 5  2 - V P :  Methyl  

9 4 5 4 0  2-VP: M e t h y l  

9 4 5 4 1  2-VP: Methyl  

8 9 7 2 8  2 - V P :  Metha-  

a c r y  1 a t e  

a c r y  1 a t e  

a c r y l a t e  

c r y l i c  a c i d  

c r y l i c  a c i d  

c r y l i c  a c i d  

M e t h a c r y l i c  a c i d  

a n h y d  r i  de :  B u t y l  - 
v i n y l  e t h e r  

a n h y d r i d e . B u t y 1 -  
v i n y l  e t h e r  

8 9 7 9 4  2-VP: M e t h a -  

8 9 7 9 5  2 - V P :  M e t h a -  

89787A E t h y l - 2 - V P :  

9 4 5 1 4  2 - V P :  M a l e i c  

9 4 5 2 5 - 1  2-VP: M a l e i c  

b e n z e n e /  h e x a n e  

0 . 3 3 r 0 . 6 7  3 - 1 / 2  3 2 . 5  b e n z e n e / h e x a n e  

0 . 6 0 : 0 . 4 0  3 3 5  

1 3  

3 4  

4 3  

8 

_ -  

l o  

b e n z e n e / h e x a n e ;  
a c e t o n e / h e x a n e  

0 . 5 0 : 0 . 5 0  6 ( 7 O o C )  m e t h a n o l - b e n z e n e /  0 . 5 8 : 0 . 4 2  
a c e t o n e  

- / a c e t o n e  0 . 5 7 : O .  4 3  0 . 6 0 : 0 . 4 0  4 ( 7 O o C )  

0 . 6 7 : 0 . 3 3  4 ( 7 0 " C )  - / a c e t o n e  0 . 7 8 / 0 . 2 2  

0 . 5 0 : 0 . 5 0  6 ( 7 0 " C )  0 . 5 8 :  0 . 4 2  - / a c e t o n e  

0 . 3 3 : 0 . 3 3 :  4 
0 . 3 3  

a c e t o n e / h e x a n e  0 . 2 5 : 0 . 6 4 :  
0 . 1 1  

a c e t o n e / h e x a n e  0 . 3 2 r 0 . 5 9 :  
0 . 0 9  

0 . 4 0 : 0 . 2 0 :  18 
0 . 4 0  

2 - V P :  M a l e i c  
a n h y d r i d e  

2 - V P :  D i e t h y l  
f u m u r a t e  

2-VP: M e t h a -  
c r y l i c  a c i d :  
B u  t y  1 v i  n y l  
e t h e r  

2 - V P :  M e t h a -  
c r y c l i c  a c i d :  
8 u  t y  1 v i  n y l  
e t h e r  

2 - V P :  M e t h a -  
c r y l i c  a c i d :  
B u t y l v i n y l  
e t h e r  

2-VP:  M e t h y l  
me t h a c  r y l  a t e  

2-VP: M e t h y l  
m e t h a c r y l a t e  

2 - V P :  m e t h y l  
m e t h a c r y l a t e  

2-VP: M e t h y l  
me t h a c r y  1 a t e  

2 - V P :  M e t h y l  
m e t  h a c  r y l  a t e  

9 4 5 4 8  

9 4 5 2 8  

9 4 5 0 9  

9 4 5 0 7  

9 4 5 2 4  

9 4 5 0 3  

9 4 5 0 5  

9 4 5 6 7  

9 4 5 6 1  

9 4 5 6 2  

0 . 6 7 : 0 . 3 3  4 6 . 7  _ _ _ _ _  / m e t h a n o l  ; 0 . 1 6 : 0 . 8 4  

1 4  b e n z e n e / h e x a n e  0 . 6 6 : O .  34  

- - - - -  / h o t  b e n z e n e  

0 . 5 0 : 0 . 5 0  18 

0 . 2 5 : 0 . 5 0 :  2 1 d  
0 . 2 5  

20 B e n z e n e - m e t h a n o l /  0 . 3 5 : 0 . 5 5 :  
h e x a n e  a n d  a c e t o n e /  0 . 1 0  
h e x a n e  

8 b e n z e n e - m e t h a n o l /  0 . 3 3 : 0 . 3 4 :  
h e x a n e  0 . 3 3  

0 . 1 5 : 0 . 3 0 :  51 
0 . 5 5  

2 . 5  a c e t o n e / h e x a n e  0 . 5 5 : 0 . 3 4 :  
0 . 1 1  

0 . 3 3 : 0 . 3 3 :  70  
0 . 3 3  

0 . 5 0 : 0 . 5 0  7 1 6  b e n z e n e / h e x a n e  0 . 5 4 :  0 . 4 6  

2 0  b e n z e n e / h e x a n e  0 . 3 8 : 0 . 6 2  0 . 3 0 : 0 . 7 0  7 

0 . 3 0 : 0 . 7 0  7 22 b e n z e n e / h e x a n e  0 . 4 5 : O .  5 5  

0.20:O.EO 5 1 3  b e n z e n e / h e x a n e  0 . 3 2 : 0 . 6 8  

1 2  b e n z e n e / h e x a n e  0 . 2 3  : O .  77 0 . 1 0 : 0 . 9 0  4 
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10024A Styrene:Maleic 0.50:0.25: 1 
anhydride:Methyl 0.25 
me thacryl ate 

100248 Styrene:Mal e i  c 0.40:0.20: 6 
anhydride : Methyl 0.40 
me thac ry 1 ate 

10044 Styrene:Mal ei c 0.40:0.40: 1 
anhydri de:Methyl 0.20 
methacrylate 

Methyl methacrylate 

Methyl methacrylate 

94551 Vinyl benzyl chlori de: 0.50:O. 5 0  33e 

94577 Vinylbenzylchloride: 0.50:O. 5 0  43e 

30 acetone/hexane (0.51:0.34: 
0.15)f 

30 acetone/hexane (0.51:0.30: 
0.19)f 

47 acetone/hexane (0.51:?.38: 
0.11) 

33 benzene/hexane 0.56:O. 44 

4 3  benzene/hexane 0.53:0.47 

a 2-VP is 2-vinylpyridine 
b 0.02 weight X a z o - b i s - i s o b u t y r o n i t r i l e  catalyst 
c Based on elemental analysis 
d Temperature reached 132°C for about 15 min. last hour 
e 0.2% a z o - b i s - i s o b u t y r o n i t r i l e  
f Based on neutralization equivalents and elemental analyses 
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I- ,,lake t h e  copolymer more h y d r o p h i i i c  t h a n  t he  c o r r e s p o n d i n g  
m e t h y l  e s t e r  copolymers  and f a c i l i t a t e  s a p o n i f i c a t i o n  i n  4 0 %  
KOH. A f i l m  made from t h e  copolymer w e t t e d  r e a d i l y  w i t h  water,  
b u t  t h e  s a p o n i f i c a t i o n  r a t e  o f  t h e  e s t e r  g roups  i n  40% KOH was 
o n l y  s l i g h t l y  a c c e l e r a t e d .  

3 .  S t y r e n e - M a l e i c  A n h y d r i d e - M . e t h y 1  M e t h a c r y l a t e  T e r p o l y m e r s  

T h i s  t y p e  o f  t e r p o l y m e r  was p r e p a r e d  t o  o b t a i n  f i l m s  
c o n t a i n i n g  t h e  m a l e i c  a n h y d r i d e  group t h a t  have g r e a t e r  f l e x i -  
b i l i t y  when d r y  t h a n  f i l m s  o f  s t y r e n e - m a l e i c  a n h y d r i d e  copolymers .  
Three  t e r p o l y m e r s  were p r e p a r e d  by b u l k  p o l y m e r i z a t i o n  o f  t h e  
monomers w i t h  0 .02% azo-bis-isobutyronitrile c a t a l y s t  a t  6 O O C .  
F l e x i b i l i t y  o f  f i l m s  p r e p a r e d  from t h e  t h r e e  polymers  was e x c e l -  
l e n t .  

V i s c o s i t y  measurements  i n d i c a t e  t h a t  m o l e c u l a r  w e i g h t s  of  
t h e s e  polymers  a re  h i g h e r  t h a n  commercial  s t y r e n e - m a l e i c  a n h y d r i d e  
( e . g .  Lyt ronB 810 i s  5 0 , 0 0 0 ) .  I n t r i n s i c  v i s c o s i t y  i n  m e t h y l  
e t h y l  k e t o n e  o f  po lymers  1 0 0 2 4 A ,  10024B and 1 0 0 4 4  was r e s p e c t i v e l y ,  
0 . 9 2 ,  1 . 7 8  and 1.13. An estimate o f  t h e  m o l e c u l a r  we igh t  o f  
1 0 0 2 4 B  u s i n g  known c o n s t a n t s  f o r  s t y r e n e - m e t h y l  m e t h a c r y l a t e  
copolymers  ( r e f .  8 ) ,  as f o l l o w s ,  

[rl]=kPIna = 1.54*10 '4M O m 6 '  g i v e s  M. = 9 3 , 0 0 0 .  n 
n 

Composi t ion of t h e  p r o d u c t s  was c a l c u l a t e d  from n e u t r a l i z -  
a t i o n  e q u i v a l e n t s  t o g e t h e r  w i t h  e l e m e n t a l  a n a l y s i s .  R e p r o d u c i b l e  
n e u t r a l i z a t i o n  e q u i v a l e n t s  were o b t a i n e d  by a n a l y s i s  o f  a c e t o n e  
s o l u t i o n s  of  t h e  polymer .  Deta i l s  o f  t h i s  a n a l y s i s  are  i n  t h e  
E x p e r i m e n t a l  s e c t i o n .  

4 .  S u b s t i t u t i o n  o f  L i g a n d s  on  P o l y s t y r e n e  

a.  T h r o u g h  a M e t h y l e n e  L i n k a g e  

Ligands  were s u b s t i t u t e d  on p o l y s t y r e n e  t h r o u g h  t h e  
methylene  group by r e a c t i o n s  o f  t h e s e  l i g a n d s  w i t h  c h l o r o m e t h y l a t e d  
l i n e a r  p o l y s t y r e n e .  T h i s  i n t e r m e d i a t e  was p r e p a r e d  by c h l o r o -  
m e t h y l a t i o n  o f  p o l y s t y r e n e  i n  d i c h l o r o e t h a n e  w i t h  ch lo romethy l -  
m e t h y l e t h e r  and a s t a n n i c  c h l o r i d e  c a t a l y s t , , u s i n g , t h e _ p r o c ~ d u r P e  
d e s c r i b e d  b y  Gregor  and coworkers ( r e f .  9 ) .  Samples o f  po ly -  
s t y r e n e  w i t h  m o l e c u l a r  we igh t  ~ a - 2 0 ~ 0 0 0  and c a * i 0 0 , 0 0 0  were 
c h l o r o m e t h y l a t e d .  We found i t  n e c e s s a r y  t o  u s e  h i g h  d i l u t i o n  
f o r  r e a c t i o n s  i n v o l v i n g  a h i g h  m o l e c u l a r  we igh t  p o l y s t y r e n e  
(ca~100,OOO) i n  o r d e r  to m a i n t a i n  s u f f i c i e n t  s o l u b i l i t y  o f  t h e  
p r o d u c t  and t o  p r e v e n t  by-product  c r o s s l i n k i n g .  Polymers p r e -  
p a r e d  b y  t h i s  method had approx ima te ly  4 0 %  c h l o r o m e t h y l  sub-  
s t it u t  i o n .  

35 



Two reaction sequences with polyvinylbenzylchloride were 
used for substitution of the ligands. The first method involved 
the reaction of the polymer with reactive amino-substituted 
ligands. This route is illustrated in the preparation of poly- 
vinylbenzyl-2-(2-pyridylethyl)amine. - 

- C H - C H j -  0 
CH2C1 

I 

Other ligand-containing polymers prepared by this route were 
polyvinylbenzyl-2-pyridylmethylamine and polyvinylbenzyl-l- 
( B-aminoethy1-2-methy1--2-imidazoline. The amino group on 5- 
aminosalicylic acid and the alkyl hydroxyl group on 5-(4-hydroxy- 
butoxymethyl)-8-hydroxyquinoline did not react. 

for reaction of ligands with polyvinylbenzylchloride. Poly- 
vinylbenzylcatechol and polyvinylbenzylsalicylic acid were 
prepared by this route using reaction conditions developed by 
Kun (ref. 10) for substitution of hydroquinone on polystyrene. 

The Friedel-Crafts reaction was the second method used 

Z n C l 2  
O H  

OH 
n 

GCH2- CH2 

n 

P o l y v i n y l  b e n z y l  c a t e c h o l  

We a l s o  found that 8-hydroxyquinoline could be substituted 
on polystyrene by a Friedel-Crafts reaction using a chloromethyl 
group on the ligand, 5-chloromethyl-8-hydroxyquinoline hydrochloride. 
In this preparation polystyrene with molecular weight 20,000 was 
used. 
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C H 2 C 1  

+ 

OH 

The p r o d u c t  o b t a i n e d  u s i n g  0 . 5  mole o f  c h l o r o m e t h y l  compound p e r  
s t y r e n e  u n i t  c o n t a i n e d  abou t  27% s u b s t i t u t i o n  and had a s o f t e n i n g  
r a n g e  o f  123-145OC. 

The p r o d u c t s  of s u b s t i t u t i o n  c\i’ h i g h  m o l e c u l a r  we igh t  
p o l y s t y r e n e  c h a r a c t e r i s t i c a l l y  had poor  f i lm- fo rming  p r o p e r t i e s .  
The p r o d u c t s  had low s o l u b i l i t y  i n  common o r g a n i c  s o l v e n t s ,  and 
i n  some c a s e s ,  a p p e a r e d  t o  be  p a r t i a l l y  c r o s s l i n k e d .  We conc luded  
t h a t  t o  i n s u r e  good f i l m  p r o p e r t i e s  i n  t h e  p r o d u c t  po lymer ,  t h e  
s u b s t i t u t i o n  r e a c t i o n  s h o u l d  be  c a r r i e d  o u t  on a f l e x i b l e  back- 
bone polymer ,  such  as s t y r e n e - m e t h y l  m e t h a c r y l a t e .  The r e a c t i o n  
sequence  w i t h  amines i s  most s u i t a b l e  w i t h  t h e  copolymer.  
R e a c t i o n s  w i t h  a copolymer backbone are d e s c r i b e d  i n  S e c t i o n  5 .  

b .  T h r o u g h  a n  Azo L i n k a g e  

The l i g a n d s ,  8 -hydroxyquinol ine  and s a l i c y l i c  a c i d ,  were 
s u b s t i t u t e d  on t h e  p o l y s t y r e n e  backbone t h r o u g h  an  a z o  l i n k a g e  
u s i n g  a r e a c t i o n  sequence  developed  b y  Davies  and co-workers  
( r e f .  11). T h i s  r e a c t i o n  seqiicnce i n v o l v e s  t h e  f o l l o w i n g  f o u r  
s t e p s :  

(1) N i t r a t i o n  of  p o l y s t y r e n e  t o  form p o l y  
( p - n i t r o s t y r e n e ) .  

( 2 )  F e d u c t i o n  of  %he n i t r o  g roups  w i t h  s t a n n o u s  
c h l o r i d e  :1!7 IfC.1 t o  g i v e  p o l y  ( p - a m i n o s t y r e n e ) .  

( 3 )  D i a z o t i z a t i o n  o f  t h e  amino g r o u p s ,  and 

(4) R e a c t i o n  o f  t h e  diazonium compound w i t h  t h e  
l i g a n d  hydroxy l  g roups .  

S u b s t i t u t i o n  o f  t h e  l i g a n d  a t  t h e  a z o  l i n k a g e  o c c u r s  p a r a  
t o  t h e  l i g a n d  h y d r o x y l  g r o u p s .  
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The p r o d u c t s  p r e p a r e d  by t h i s  s equence  from l i n e a r ,  h i g h  
m o l e c u l a r  weight  p o l y s t y r e n e  were n o t  p u r e  a z o - s u b s t i t u t e d  l i n e a r  
po lymers  b u t  c o n t a i n e d  f r e e  n i t r o  f u n c t i o n s .  These polymers  were 
i n f u s i b l e ‘ a t  3 0 0 O C  and p r a c t i c a l l y  i n s o l u b l e  i n  a l l  o r g a n i c  
s o l v e n t s .  It i s  p o s s i b l e  t o  e l i m i n a t e  t h e  n i t r o  group i m p u r i t i e s  
p r e s e n t  by u s i n g  a m o d i f i e d  r e a c t i o n  sequence  employing t h e  method 
o f  Zenftman ( ref .12)  f o r  n i t r a t i o n  o f  p o l y s t y r e n e .  However, because  
of t h e  poor  mechan ica l  p r o p e r t i e s  o f  t h e s e  polvmers ,  t h i s  was n o t  
done 

C .  Throuqh an Amino Linkage 

P y r i m i d i n e  was s u b s t i t u t e d  on p o l y s t y r e n e  ( t h r o u g h  a n  amino 
g r o u p )  by r e a c t i o n  of  2 -ch lo ropyr imid ine  w i t h  p o l y ( a m i n o s t y r e n e )  
i n  p y r i d i n e  t o  g i v e  a l i g a n d  s u b s t i t u e n t  w i t h  NH and N donor  
g r o u p s .  

n 

1 - 
- C H - C H 2- 

Q 

The p o l y ( a m i n o s t y r e n e )  used  i n  t h i s  p r e p a r a t i o n  was p r e p a r e d  by 
t h e  m o d i f i e d  r e a c t i o n  sequence  d e s c r i b e d  above and was f r e e  o f  
n i t r o  g roups .  

5 .  S u b s t i t u t i o n  o f  8-Hydroxyquinol ine  on Styrene-Methyl  
M e t h a c r y l a t e  Copolymer 

The l i g a n d  8-hydroxyquinol ine  i s  e s p e c i a l l y  u s e f u l  as a 
s u b s t i t u e n t  because  i t  forms s t r o n g  c h e l a t e s  and because  i t  has 
h i g h  thermal and h y d r o l y t i c  s t a b i l i t y .  To o b t a i n  a u s a b l e  s e p a r a -  
t o r  membrane w i t h  t h i s  l i g a n d ,  i t  i s  n e c e s s a r y  t o  s u b s t i t u t e  i t  
on a backbone t h a t  i s  b o t h  f l e x i b l e  and h a s  low e l e c t r i c a l  resis-  
t a n c e .  The r e l a t i v e l y  low c o n t r i b u t i o n  8-hydroxyquinol ine  sub- 
s t i t u e n t s  make t o  lower  e l e c t r i c a l  r e s i s t a n c e  o f  p o l y s t y r e n e  was 
i l l u s t r a t e d  i n  t h e  model polymer d e s c r i b e d  i n  S e c t i o n  III.B.4. 
M e t h y l  m e t h a c r y l a t e  was chosen as t h e  comonomer w i t h  s t y r e n e  for 
t h r e e  r e a s o n s .  F i r s t ,  i t  copolymer izes  w e l l  w i t h  s t y r e n e  monomer: 
secor,d,  i t  i n c r e a s e s  t h e  f l e x i b i l i t y  o f  t h e  polymer;  and t h i r d ,  
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i t  lowers  t h e  r e s i s t i v i t y  o f  t h e  polymer a f t e r  s a p o n i f i c a t i o n .  

po lymers  were t r i e d .  
Two r o u t e s ,  i l l u s t r a t e d  below, f o r  p r e p a r a t i o n  of  these  

I n  t h i s  scheme LH r e p r e s e n t s  t h e  l i g a n d .  

[ A I  

C H 3  
I I 
C H - C H 2 - C - C H 2 -  Q '  C O O C H 3  

C H 2 L  

- 

COOCH3 

k H 2 C 1  - 

L H  

n 

The s t a r t i n g  r e a g e n t  i n  t h i s  method , a r -ch lo romethy l -  
st!/rc>r:i? [ A ]  was p r e p a r e d  u s i n g  t h e  p rocv( :u re  desc r ibc  CI P V  C l a r k e  
( r e f .  1 3 ) .  

C A I  

T h e  p r o d u c t  [A1 c o n s i s t s  o f  about  7 0 %  p a r a  i somer  and 30% o r t h o  
i somer .  

1 9  
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The reaction schemes, I and 11, were tested using the 
ligand, a-aminomethylpyridine. For  example, poly(vinylbenzyl-2- 
py idylmethylamine)-methyl methacrylate copolymer, where LH is 

& H 2 - N H 2 ,  was prepared by both routes. A higher molecular 
weight polymer (softening range 12O-14O0C, and relative viscosity 
of 1% solution, 1.15) was obtained by Route I. The rate of poly- 
merization of vinylbenzyl-2-pyridylmethylamine with methyl. meth- 
acrylate (Route 11) was extremely low and the low molecular weight 
product isolated after 80 hours at 80°C had a softening range 75- 
100°C (relative viscosity of 1% solution, 1.05). The rate of 
homopolymerization of this monomer at 80°C was a l s o  low. 

Several 8-hydroxyquinolines with >NH substituents were also 
prepared and reacted with chloromethylated polystyrene. Amides 
and sterically hindred amines such as the following compounds did 
not react: 5-t-butylaminomethyl-8-hydroxyquinolinoliney 7-[a-(5- 
methyl-2-pyridylamino)benzyl]-8-hydroxyquinoline, 5-(N-benzamido- 
methyl)-8-hydroxyquinoline. The methods we used to prepare these 
compounds a r e  described in the Experimental section. 

A sterically open amine , 5-aminomethyl-8-hydroxyquinoline , 
was prepared by the following route. 

n 

O H  

+ 
O H  
II I 
C - N - C H Z O H  H P S 0 4  

CH 2 N H  2 
I 

O H  

OH 

We f o u n d  that yields of product by this route through the benzyl- 
amide were greater than via the corresponding acetylated compound. 

The free amine was obtained by neutralizing the hydro- 
chloride with ammonium hydroxide immediately before use. This 
amine reacted readily with chloromethylated polystyrene in ethyl 
acetate solution. There was some disubstitution that crosslinked 
the product. 

40 



6 .  P y r i d i n e - C o n t a i n i n g  . L i g a n d s  w i t h  S m a l l  R i n q  C h e l a t i o n  S i t e s  

A pyridine-acid ligand group with a 7-membered ring can 
be incorporated i f i t o  a polymer via 2-pyridylacrylic acid. This 
monomer does not homopolymerize, but is known to copolymerize with 
acrylonitrile (ref. 1 4 ) .  A sample of 2-pyridylacrylic acid was 
prepared by reaction of 2-pyridine aldehyde with malonic acid 
using a procedure described by Marvel et a1 (ref. 14). However, 
in two attempts to prepare the copolymer by emulsion polymerization 
with persulfate and with azo-bis-isobutyronitrile catalyst, no 
usable polymer was obtained. 

We also attempted to.prepare the ligand-monomer, 2-vinyl- 
6-aminopyridine, by following the reaction sequence described by 
Cislak (ref. 15). 

Attempts to prepare the intermediate, 2-amino-6-ethanol- 
pyridine (I), yielded only polymeric products together with 
distillable products that contained neither amino nor hydroxyl 
substituents. The preparation of this intermediate was tried 
using both dimethylaniline and xylene as solvents. 

7 .  I m i n o d i a c e t i c  - A c i d  L i g a n d  on P o l y s t y r e n e  

acid] was prepared to determine the stability of the iminodiacetic 
acid group in 40% KOH. The polymer was prepared from its monomer 
by polymerization with persulfate catalyst in water. The monomer 
was prepared by reaction of the sodium salt of iminodiacetic acid 
with chloromethylvinylbenzene using a procedure described by 
Morris (ref. 16). 

The homopolymer, poly[N-(ar-vinylbenzy1)iminodiacetic 

8. P o l y m e r s  f r o m  4 , 6 - D i a m i n o - 2 - V i n y l - s - T r i a z i n e  

of biguanide sulfate with acrylyl chloride in basic meduim (ref. 17). 
4,6-Diamino-2-vinyl-sym-tr iazine was prepared by reaction 

41 



The monomer polymer ized  r e a d i l y  i n  aqueous s o l u t i o n  w i t h  
p e r s u l f a t e  c a t a l y s i s .  An a t t e m p t  t o  copolymer ize  t h i s  monomer 
w i t h  methyl  m e t h a c r y l a t e  was u n s u c c e s s f u l .  

42 



I V .  EXPERIMENTAL 

A. S Y N T H E T I C  M E T H O D S  

1 .  P r e p a r a t i o n  o f  CO- and T e r p o l y m e r s  Containing 2 - V i n y l p y r i d i n e  

These polymers were prepared by bulk polymerization with 
freshly distilled monomers at 6ooc with 0.05% azo-bis-isobutyro- 
nitrile catalyst in a nitrogen atmosphere. Reactants were stirred 
during the heating period, the length of which was chosen to give 
approximately 30% conversion. The polymers were purified by three 
successive precipitations with a non-solvent from solution and 
dried in vacuum.- Properties of individual polymers are listed in 
Table 9. 

2 ,  P r e p a r a t i o n  o f  Styrene:Maleic Anhydride:Methyl M e t h a c r y l a t e  
T e  r po 1 y m e r s  

a. P r e p a r a t i o n  

These polymers were prepared by bulk polymerization at 6 O o C  
with 0.02% azo-bis-isobutyronitrile catalyst in nitrogen atmos- 
phere. Maleic anhydride was purified by recrystallization from 
chloroform; the other two monomers were freshly distilled. Re- 
actants were stirred during the heating period, the length of 
which was chosen to give approximately 30% conversion, The poly- 
mers were purified by three successive precipitations with a non- 
solvent from solution and dried in vacuum. Properties of indi- 
vidual polymers are listed in Table 9. 

b. A n a l v s i s  

Neutralization equivalents of the terpolymers were determined 
as follows: (1) dissolve weighed sample of about 0.35 g in acid- 
free acetone; (2) add 35 ml of standardized 0.1 N NaOH; (3) shake 
mixture two hours at room temperature; and (4) back-titrate to 
phenolphthalein end-point with standardized 0.1 N H C 1 .  Neutraliza- 
tion equivalents found were: 

10024A: 144 
10024B: 163, 159 
10044 : 125, 129 

3. P r e p a r a t i o n  o f  S u b s t i t u t e d  L i g a n d s  Used in C o u p l i n g  Reactions 

a. P r e p a r a t i o n  o f  5 - C h l o r o m e t h y l - 8 - h y d r o x y q u i n o l i n e  
H y d r o c h l o r i d e  

The procedure described by Burckhalter and Leib (ref, 18) 
was used to prepare this compound, Hydrogen chloride gas was 
bubbled into a stirred mixture of 435 g (3 moles) of 8-hydroxy- 
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q u i n o l i n e ,  480 m l  o f  conc .  HC1 and 480 m l  o f  3% aqueous  fo rma lde -  
hyde f o r  4 h o u r s .  The m i x t u r e  was c o o l e d ,  and t h e  y e l l o w  s o l i d  
p r o d u c t  was c o l l e c t e d  on a f i l t e r  and d r i e d .  The p r o d u c t  me l t ed  
w i t h  d e c o m p o s i t i o n  a t  278"C, 

b .  P r e p a r a t i o n  o f  5 - t e r t - B u t y l a m i n o m e t h y l - 8 - h y d r o x y q u i n o l i n e  

5-Chloromethyl-8-hydroxyquinoline (46 g, 0.2 mole )  was added 
a t  room t e m p e r a t u r e  to a s o l u t i o n  o f  73.1 g (1.0 mole)  o f  t - b u t y l -  
amine i n  1500 m l  of e t h y l  a c e t a t e .  When t h e  s l i g h t  exotherm sub- 
s i d e d ,  t h e  m i x t u r e  was h e a t e d  wi th  s t i r r i n g  on a steam b a t h  a t  
a b o u t  6ooc f o r  1 hour .  The p r e c i p i t a t e d  t - b u t y l a m i n e  h y d r o c h l o r i d e  
was f i l t e r e d  and washed t w i c e  w i t h  e t h y l  a c e t a t e .  The e t h y l  a c e t a t e  
f i l t r a t e s  were f l a sh  e v a p o r a t e d  l e a v i n g  a g r e e n i s h  s o l i d - o i l ,  which 
was e x t r a c t e d  w i t h  2 0 0  m l  of d i e t h y l  e t h e r .  The e t h e r  was f l a shed  
o f f  l e a v i n g  a n  o i l  t h a t  s o l i d i f i e d  o v e r n i g h t .  The s o l i d  was re-  
c r y s t a l l i z e d  from hexane and t h e n  vacuum d r i e d ,  The p r o d u c t  ( 1 9 , 2  g )  
was a n  o f f - w h i t e  s o l i d  m e l t i n g  a t  65-70"C. I R  and NMR s p e c t r a  were 
c o n s i s t e n t  f o r  t h e  above  s t r u c t u r e .  

c .  P r e p a r a t i o n  o f  5-(N-Methyl-N-acetaldehydediethylacetal 
ami nomethyl ) -8-hydroxyqui no1 i n e  

Methy laminoace ta ldehyde  d i e t h y l  a c e t a l  (44.1 g ,  0 . 3  mole )  was 
added t o  a s t i r r e d  s l u r r y  of 2 2 . 6  g ( 0 . 1  mo le )  o f  5-ch loromethyl -  
8 -hydroxyqu ino l ine  h y d r o c h l o r i d e  i n  2 0 0  m l  o f  e t h y l  a c e t a t e  a t  
room t e m p e r a t u r e .  The m i x t u r e  was heated and r e f l u x e d  f o r  2.5 
h r  and t h e n  was c o o l e d .  The h y d r o c h l o r i d e  by-product  t h a t  s epa -  
r a t ed  was c o l l e c t e d  on a f i l t e r  and t h e  f i l t r a t e  was e v a p o r a t e d .  
The r e s i d u e  was t r i t u r a t e d  w i t h  hexane .  I t s  NMR spec t rum was i n  
agreement  f o r  t h e  above named compound, 

d e  P r e p a r a t i o n  o f  7[~~-(5-Methyl-2-pyridylamino)benzyl]-8- 
h v d r o x v a u i n o l i n e  

The p r o c e d u r e  d e s c r i b e d  b y  J. P h i l l i p s  e t  a1  ( r e f .  1 9 )  f o r  
p r e p a r a t i o n  o f  t h i s  Mannich base  was f o l l o w e d  on a twen ty - fou r  
f o l d  s c a l e .  

Benzaldehyde ( 5 1 . 0  g ,  0.48 mole )  and 2-amino-4-methylpyridine 
(51.8 g ,  0.48 mole )  were d i s s o l v e d  i n  1 1 0 0  m l  o f  95% e t h a n o l ,  
Then, a f t e r  comple t e  d i s s o l u t i o n ,  8 -hydroxyqu ino l ine  (69.6 g ,  0.48 
mole )  was added ,  fo rming  a c l e a r  ye l low-orange  s o l u t i o n .  The p ro -  
d u c t  t h a t  had p r e c i p i t a t e d  a f t e r  f o u r  d a y s  was c o l l e c t e d  and re-  
c r y s t a l l i z e d  from a 1:l m i x t u r e  o f  e t h a n o l  and a c e t o n e .  The y i e l d  
was 1 6 . 0  g o f  a w h i t e  s o l i d  (mp 188-189"~). P h i l l i p s  e t  a l .  r e p o r t  
m p  158"C, However, t h e  NMR spec t rum o f  o u r  p r o d u c t  was c o n s i s t e n t  
w i t h  t h e  d e s i r e d  s t r u c t u r e  and we b e l i e v e  t h e  158°C v a l u e  i s  a 
t y p o g r a p h i c a l  e r r o r .  

44 



I .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
D 
I 
1 
I 
1 
I 
1 

e. P r e p a r a t i o n  o f  5(4-Hydroxybutoxyrnethyl)-8-hydroxyquinoline 

A mixture of 46 g of 5-chloromethyl-8-hydroxyquinoline hydro- 
chloride, 100 ml of 1,4-butanediol, and 16 g of sodium bicarbonate 
were mixed, shaken, and left at room temperature for 2.5 hr. The 
slurry was heated overnight at 90°C and then poured into water. 
The mixture was made basic with ammonia, and insoluble by-products 
were removed by filtration. The filtrate was neutralized with 
acetic acid and the precipitated product was collected on a 
filter, washed with water,and dried in vacuum, Its NMR spectrum 
was consistent for the above named product. 

f .  P r e p a r a t i o n  o f  5 - B e n z a m i d o r n e t h y l - 8 - h y d r o x y q u i n o l i n e  

( 1  ) P r e p a r a t i o n  o f  Methylol b e n z a m i d e  

The method described by E, Beschkopff (ref. 20 was followed 
on a two fold scale. 

Formaldehyde (37%, 90 g) was added slowly with stirring to a 
mixture of benzamide (140 g), potassium carbonate (4 g),and water 
(140 g). 
then allowed to cool. Collection of its precipitate and recrystal- 
lization from ethanol yielded 80,4 g of a white crystalline solid. 
Its NMR spectrum indicates the desired product. 

This was warmed on a steam bath until a solution resulted, 

(2) C o u p l i n g  Reaction 

The method of preparation described by Einhorn was followed 
(ref. 20 and 21), 

8-Hydroxyquinoline (0,2 m, 29.0 g) was added over 45 minutes 
to concentrated sulfuric acid (250 ml) at -5°C with stirring. 
Then methylolbenzamide (0.2 m, 30.2 g) was added over 45 minutes 
at -5OC. 
stirring continued for two days, The clear yellow solution was 
poured slowly into an ice-water mixture. The resulting yellow, 
sticky semi-solid was extracted with 100 ml of 5% sodium hydroxide 
solution, This was treated with pieces of Dry Ice and the pre- 
cipitate that formed was filtered off and recrystallized from 
ethanol. This yielded, after vacuum drying, 3.0 g (mp 174-176OC), 
An NMR spectrum indicates the deisred compound, 

This was allowed to come to room temperature slowly and 

g .  P r e p a r a t i o n  o f  5-Aminomethyl-8-hydroxyquinoline D i h y d r o -  
c h l o r i d e  

The preparation method described by Monti and Verona was 
used ( r e f .  22). 

5-Benzamidomethyl-8-hydroxyquinoline (17.0 g )  was refluxed 
in concentrated hydrochloric acid (125 ml) for five hours. The 
s o l u t i o n  was chilled and the solid product collected on a filter. 
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It was washed with 500 ml of cold ethanol and then with 300 ml of 
diethyl ether and dried under vacuum. The yellow solid product 
weighed 8,l g and melted at 250°C (d), Its NMR is consistent with 
the desired product. 

h .  P r e p a r a t i o n  o f  8 - H y d r o x y - 5 - ~ c e t a m i n o m e t h y l q u i n o l i n e  

( 1 )  P r e p a r a t i o n  o f  Methylene Bis-N-Acetamide 

The method described by R. C ,  Brian and A. H. Lamberton 
(ref. 23) for reaction of acetamide with formaldehyde was followed 
on the same scale, The crystallized white solid weighed 63 g (mp 
205-208OC), An NMR spectrum was consistent with the desired pro- 
duct e 

( 2 )  Coupl ing Reac t ion  

Methylene-bis-acetamide and 8-hydroxyquinoline were reacted 
with phosphorus oxychloride using a procedure by M. Ishidate et 
a1 (ref. 24) scaled up seven fold. The reaction was heated on a 
steam bath for 2 hours. The recrystallized solid yielded about 
1 g of product (mp 187-188OC), An NMR spectrum indicated the 
desired product. 

Two other preparations were carried out using longer reaction 
times and with chloroform as solvent. Yields were not increased 
by these variations of reaction conditions. 

4 .  C h l o r o m e t h y l a t i o n  o f  P o l y s t y r e n e  

a .  High Molecular  Weight P o l y s t y r e n e  

A solution of 4,5 ml of anhydrous stannic chloride in 135 ml 
of chloromethylmethyl ether was added drcpwise over 1 hour to a 
stirred solution of 36 g of polystyrene (LustrexB) in 3600 ml of 
dichloroethane at 50°C under nitrogen. The solution was stirred 
for 8 hours at 50°C and 13 hours at room temperature and then 
poured into a total of 7 liters of' methanol. The white precipi- 
tate was filtered off, slurried in 1500 ml of methanol for 30 min 
with fast stirring and then filtered, This methanol wash was 
repeated three times and the resulting solid was vacuum dried 
overnight at 52OC. This yielded 45.3 g of a pale yellow solid. 
Analysis Found: C, 80.0; H, 6,9; C1 12.2. This corresponds 
to 42,2$ substitution by the chloromethyl group, A similar re- 
action on a smaller scale gave product with 36% substitution. 

b.  P o l y s t y r e n e  With Molecular  Weight 2 0 , 0 0 0  

A low molecular weight polystyrene (mw 20,000) was chloro- 
methylated using the same procedure. This yielded 44,7 g of a 
pale yellow solid. Analysis found: C, 79.0; H, 5.7; C1, 13.0; 
ash, 0,O. This corresponds to 46.6 mole-% substitution by the 
chloromethyl group, 
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5. C o G p l i n g  Reactions o f  Chloromethylated P o l y s t y r e n e  W i t h  L i g a n d s  

a. P r e p a r a t i o n  o f  Polyvinylbenzyl-2-(2-pyridylethyl)amine 

Chlo romethy la t ed  p o l y s t y r e n e  from L u s t r e x B  ( 3 . 8  g )  d i s s o l v e d  
i n  1 5 0  m l  of p-dioxane was added d ropwise  a t  room t e m p e r a t u r e  t o  
a s t i r r e d  s o l u t i o n  of  1 5 . 3  g of  2 - (2 -aminoe thy l )  p y r i d i n e  i n  150 
ml of  p-d ioxane .  
c o o l i n g ,  a p r e c i p i t a t e  formed,  which was f i l t e r e d  o f f ,  d r i e d ,  and 
i d e n t i f i e d  as t h e  h y d r o c h l o r i d e  from i t s  I R  s p e c t r a .  Hexane (300  
m l )  was added t o  t h e  s t i r r e d  f i l t r a t e  and t h e  r e s u l t i n g  p r e c i p i t a t e  
was c o l l e c t e d  b y  c e n t r i f u g a t i o n .  The s o l i d  was d i s s o l v e d  i n  p- 
d i o x a n e  and  r e p r e c i p i t a t e d  w i t h  hexane ,  and c o l l e c t e d  b y  c e n t r i f u -  
g a t i o n .  
h r  a t  56Oc. The ex tended  d r y i n g  p e r i o d  was n e c e s s a r y  t o  remove 
t h e  l a s t  t r a c e s  o f  d i o x a n e ,  Product  weighed 2 . 7  g and had a nega- 
t i v e  B e i l s t e i n  t e s t  f o r  c h l o r i n e .  A n a l y s i s  found :  C ,  8 4 . 4 ;  H ,  7 . 8 ;  
N, 6-2, 

The s o l u t i o n  was r e f l u x e d  f o r  18  hours. On 

It was t h e n  d r i e d  under  vacuum f o r  2 3  h r  a t  4 O o C  and 17 

b ,  P r e p a r a t i o n  o f  Polyvinyl b e n z y l - 2 - p y r i d y l m e t h y l a m i n e  

2-Aminomethylpyridine ( 1 3 $ 5  g ,  0 , 1 2 5  mole)  d i s s o l v e d  i n  1 0 0  
m l  o f  p-dioxane was added dropwise  a t  room t e m p e r a t u r e  t o  c h l o r o -  
m e t h y l a t e d  p o l y s t y r e n e  ( 3 . 0  g )  t h a t  c o n t a i n e d  4 2 %  c h l o r o m e t h y l  
s u b s t i t u e n t  d i s s o l v e d  i n  150 m l  p -d ioxane .  T h i s  was heated to 
r e f l u x  f o r  17 h o u r s .  The h y d r o c h l o r i d e  t h a t  p r e c i p i t a t e d  was 
c o l l e c t e d  on a f i l t e r  and t h e  f i l t r a t e  was poured  s l o w l y  i n t o  
800 m l  o f  f a s t  s t i r r i n g  hexane .  The p r o d u c t  t h a t  p r e c i p i t a t e d  
was c e n t r i f u g e d ,  washed w i t h  hexane t w i c e  and me thano l  once ,  and 
d r i e d  i n  a vacuum d e s i c c a t o r .  Y ie ld  was 4 . 3  g of  a n  o r a n g e  s o l i d  
which gave  a n e g a t i v e  B e i l s t e i n  t e s t  f o r  c h l o r i n e ,  A n a l y s i s  found :  
C ,  8 4 . 8 ,  H ,  7.5; N, 6 , l .  

c. P r e p a r a t i o n  o f  P o l y v i n y l b e n z y l - l - ( ~ - a m i n o e t h y l ) - 2 - m e t h y l -  

C h l o r o m e t h y l a t e d  p o l y s t y r e n e  ( 3 . 8  g )  d i s s o l v e d  i n  150  m l  o f  

2 - i m i d a z o l i n e  

p-dioxane was added d ropwise  a t  room t e m p e r a t u r e  t o  a s t i r r e d  
s o l u t i o n  of l-(f3-aminoethyl)-2-methyl-2-imidazoline ( 1 5 . 9  g ,  
0 . 1 2 5  mole )  i n  100 m l  p -d ioxane ,  The s o l u t i o n  was r e f l u x e d  f o r  
5 h o u r s  and t h e n  c o o l e d ,  

A p r e c i p i t a t e  t h a t  formed was c o l l e c t e d  on a f i l t e r ,  t r i-  
t u r a t e d  w i t h  methanol  t w i c e ,  and vacuum d r i e d  o v e r n i g h t  a t  6 0 ° c  
y i e l d i n g  4.8 g of a y e l l o w  s o l i d .  A n a l y s i s  found :  C ,  7 7 . 1 ;  H ,  
8,2; N, 8 . 2 .  

d o  P r e p a r a t i o n  o f  Polyvinylbenzylcatechol 

A s o l u t i o n  c o n t a i n i n g  6 g o f  c h l o r o m e t h y l a t e d  p o l y s t y r e n e  
( L u s t r e x B  - 4 2 %  s u b s t i t u t i o n ) ,  6 g of c a t e c h o l ,  and abou t  0 , 2  g 
o f  f u s e d  z i n c  c h l o r i d e  i n  130  m l  o f  d i o x a n e  was s t i r r e d  a t  r e f l u x  



m for six hours.  he solution was cooled and pouyed into methanol. 
The precipitate was collected, washed with water, and dried in a 
vacuum, 

e. P r e p a r a t i o n  o f  P o l y v i n y l b e n z y l s a l i c y l i c  Acid 

Salicylic acid (5 g), chloromethylated polystyrene with 42% 
chloromethyl substitution (5.3 g) and freshly fused zinc chloride 
(5.5 g) in 75 ml dioxane were heated to reflux and refluxed for 
18 hours. The reaction solution was cooled and poured with stir- 
ring into methanol. The mixture was centrifuged and the solid 
triturated with dioxane, The dioxane solution was poured into 
methanol, the precipitated product removed by centrifuging, and 
dried at room temperature in vacuo. Yield was 3.2 g. Analysis 
found: C, 79.5; H, 6.8; C1, 1.2. 

f Reaction o f  C h l o r o m e t h v l P o l v s t v r e n e  W i t h  5-(4-Hvdroxv- 
butoxymethyl)-8-hydroxyquinoline, 5-t-Butylaminomethyl- 
8 - h y d r o ~ y q u i n o l i n e ) ~  and 5 - A m i n o s a l i c y l i c  Acid ( A t t e m p t e d )  

Reaction conditions were identical to those used with 2-(2- 
aminoethyl) pyridine for each of the above reactants. Only un- 
reacted starting materials were recovered. The chloromethyl group 
was readily identified by its strong absorption at 8.0 p. 

A second similar reaction with 5-(4-hydroxybutoxy~ethyl)-8- 
hydroxyquinoline was run in pyridine solution. Product isolated 
was insoluble in pyridine, indicating that by-product crosslinking 
occurred. However, it still contained a large degree of chloro- 
methyl sub st itut ion. 

g. A t t e m p t  t o  R e a c t  Chloromethylated P o l y s t y r e n e  w i t h  5- 
7 B e n z a m i d o m e t h y l  )-8-hydroxyquinol i n e  

Chloromethylated polystyrene (ea 100,000 molecular weight) 
(3.1 g, 0.02 mole) was dissolved in 50 ml of pyridine and added 
dropwise at room temperature to 5-(benzamidomethyl)-8-hydroxy- 
quinoline (5.3 g, 0.02 mole) in 50 ml of pyridine. The solution 
was heated at 6 0 ° c  for an hour when a precipitate formed. This 
was filtered off and the pyridine solution flashed yielding 3.8 g 
of the starting material 5-(benzamidomethy1)-8-hydroxyquino1ine0 
The filtered precipitate was soluble in water. 

h e  A t t e m p t s  to React Chloromethylated P o l y s t y r e n e  a n d  7 - [ a -  
(5-Methyl-2-pyridylamino)benzylJ-8-hydroxyquinoline 

Chloromethylated polystyrene (ea 100,000 molecular weight) 
(6.1 g, 0,011 mole) was dissolved in 75 ml of benzene and added 
over 40 minutes at 5OoC to a solution of 7-[~-(5-methyl-2- 
pyridylamino)benzyl]-8-hydroxyquinoline (13.6 g, 0.04 mole) in 
550 ml of benzene and 16 ml of pyridine. This was reacted for 
24 hrs at 6 0 0 ~ .  On cooling, a precipitate formed which yielded 
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approximately 12 g of the starting 7-[a-(5-methyl-2-pyridylamino) 
benzyl]-8-hydroxyquinolinee 

A similar reaction was carried out in refluxing dioxane with 
the same result. 

i .  P r e p a r a t i o n  o f  4-(5-Methylene-8-hydroxyquinolino)- 
v i n y l b e n z e n e - S t y r e n e  C o p o l y m e r  

5-Chloromethyl-8-hydroxyquinoline hydrochloride (15.5 g, 0.05 
mole) was added with stirring to a cooled solution of 10.42 (0.1 
mole) polystyrene (molecular weight 20,000) in 200 ml of nitro- 
benzene contained in a flask protected by a drying tube. The slurry 
was stirred at 5 to 10°C while 8 g (0.06 mole) A1C13 was added in 
portions. The resulting solution was stirred 2 hours at 10°C and 
19 hours at 65Oc, and then poured onto ice. The resulting preci- 
pitate was collected and boiled in two successive batches of 10% 
H C 1  for 3-hour periods. A small amount of occluded nitrobenzene 
was removed by steam distillation during the first period. The 
precipitate was then collected and slurried in dilute aqueous NaOH 
that was then neutralized with acetic acid. The solid was collected 
again and recrystallized twice .from pyridine and once from benzene. 
A benzene-insoluble by-product was separated from product at this 
stage. Final product was dried at 6OoC/0.4 mm. Its softening range 
was 123 to 143OC, Nitrogen analysis: found, 1.5%. 

6. P r e p a r a t i o n  o f  P o l y s t y r e n e - D i a z o n i u m  C h l o r i d e  

a. P o l y n i t r o s t y r e n e  [Method N o .  1 1  
Linear polystyrene (50 g, <50 mesh) was added over 40 minutes 

to a stirred solution of 140 ml of nitric acid (sp gr 1.42) and 
350 ml of sulfuric acid (sp gr 1.84). The temperature was kept 
at 65-75"C for an additional 90 minutes. 
into 2 liters of ice water, filtered, and washed until neutral. 
The yellow product was allowed to air dry, yielding 85 g of ni- 
trated product e 

The mixture was poured 

Analysis of products prepared from this intermediate shows 
that it is a mixture of mono- and dinitro-substituted polymers. 
Method 2 described in Section V, 9.a gives monosubstituted pro- 
ducts. 

b .  P o l y a m i n o s t y r e n e  

The nitrated product from above was added with stirring to 
stannous chloride (400 g), concentrated hydrochloric acid (450 
ml) and methanol (500 ml) and refluxed at 78Oc for 22 hours. 

The brown-black swollen solid was collected on a filter and 
washed with water. The solid was then stirred in one liter of 
2N sodium hydroxide for an hour, filtered, and washed with water 
until the wash was neutral. 
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c. P o i y s t y r e n e - D i a z o n i u m  Chloride 

The polyaminostyrene was stirred in a liter of 2N hydrochloric 
acid for 30 minutes to convert it to the hydrochloride. The swollen 
solid was separated and washed with water to remove excess acid and 
aqueous colorations, 

The swollen amine hydrochloride was divided into two parts 
for convenience. Each part was stirred in 2 liters of water and 
cooled to 0-5OC, forming a brownish gel. Over a period of 6 hours, 
1M sodium nitrite (grand total 400 ml) and LM hydrochloric acid 
(grand total 4 0 0  ml) were added in portions in equal amounts. The 
reaction progress was followed with starch-iodide paper. The 
swollen solid was allowed to settle and the aqueous decanted. The 
solids from the two diazotisations were combined and washed with 
water while keeping the temperature near 5 O C .  

The wet, reddish-brown solid was divided into three equal 
parts and placed in a freezer until used in the preparations des- 
cribed below. 

7. P r e p a r a t i o n  o f  Polystyrene-azo-sal icy1 ic Acid 

The polystyrene-diazonium chloride previously prepared was 
added over 40 minutes to a stirred solution of salicylic acid 
( 1 T 0 3  g, 0.125 mole) in 500 ml of 10% sodium hydroxide chilled 
to 3 - 4 O C .  This was reacted for 16 hours at O - 5 " C .  Then the re- 
action mixture was filtered and washed thoroughly with cold water 
until almost neutral, The solid was dried under vacuum yielding 
15 g of a very fine, brownish solid. 

8. Pr e p a r a t i o n  o f  P o l y s t y r e n e - a z o - 8 - h y d r o x y q u i n o l i n e  

This preparation was the same as that for polystyrene-azo- 
salicylic acid except that 8-hydroxyquinoline ( 1 8 , 2  g, 0 , 1 2 5  mole) 
was used, This yielded 14 g of a dark brown solid, 

9 0  P r e p a r a t i o n  o f  Poly-[N-(2-pyrimidyl)aminostyrene] 

a. P o l y ( p - n i t r o s t y r e n e )  [Method 21 

A method by H. Zenftman (ref, 1 2 )  was followed, A mixed 
acid ( 5 0 0  g) composed of HNO, ( 7 2 % ) ,  H2S04 (19%), H20 (9%), was 
cooled to - 3 O C  and 30  g of linear polystyrene was added, The 
temperature was increased to 2OoC and held there for 7 5  minutes, 
During this time the polystyrene dissolved, forming a light orange 
solution, The solution was then slowly poured into 3 liters of 
rapidly stirred ice water, The resulting orange solid was c o l -  
lected on a filter and washed with large volumes of water until 
the washings were neutral. 



5 .  Poly(p-aminostyrene) 

The poly(nitr0styrene) from above was reacted with 500 ml 
of methanol, 250 g of stannous chloride, and 270 ml of concentrated 
hydrochloric acid at reflux for 17 hours. The reaction mixture was 
poured into 3.5 liters of rapidly stirred ice water and made basic 
wit'@'10% sodium hydroxide. This precipitated a large amount of a 
flocculent solid. After 2 hours, the aqueous portion was decanted 
and the solid was washed until neutral, The wet solid was vacuum 
dried yielding 32 g. Its spectrum in the infrared showed no nitro 
absorption at 7.5 1-1. Analysis indicated a small amount of tin 
oxide was still occluded in the polymer. 

Analysis: Found: C, 71.1; H, 7.3; N, 11.8; Ash, 504, 
Cal'c. for C8H9N: C, 80.5; H, 6.1; N, 11.8. 

c ,  Coupling o f  Poly(aminostyrene) With 2-Chloropyrimidine 

2-Chloropyrimidine (5.7 g, 0.05 mole) was dissolved in 50 ml 
of pyridine and was added dropwise at room temperature to poly- 
(aminostyrene) (6.0 g, 0.05 mole) in 200 ml pyridine. The reaction 
mixture was then heated at reflux for 17 hours. The dark red solid 
that separated was collected on a filter and washed successively 
with 250 ml of methanol, 500 ml of 0.1 N sodium hydroxide, and 
water. It was then vacuum dried overnight at 6ooc yielding 8.6 g 
of a fine red powder. A Beilstein test for chlorine was negative. 

10, Polymers a n d  C o p o l y m e r s Derived From a r - C h l o r o m e t h y l v i n y l -  
benzene 

a. P r e p a r ation o f  ar-Chloromethylvinyl benzene 

The preparation method reported by Clarke and Hamerschlag 
(ref. 13) was followed. Chloromethylation of 800 ml of ethyl- 
benzene with 60 g of paraformaldehyde, 40 g of anhydrous zinc 
chloride catalyst, and a continuous stream of anhydrous HC1 for 
a period of 75 min. at 60-7ooc yielded 80 g of isomeric product. 
NMR and VPC analysis indicated this product consisted of 96% 
chloromethylethylbenzene with ortho para ratio Oe30:0.70. 

The entire amount of chloromethylethylbenzene was brominated 
and then dehydrobrominated by distillation. The yield of redis- 
tilled ar-chloromethylvinylbenzene was 32 g, 

b. V i n y l b e n z y l - 2 - p y r i d y l m e t h y l a m i n e  a n d  Its P o l y m ers 

( 1 )  Preparation o f  Vinyl b e n z y l - 2 - p y r i d y l m e t h y l a m i n e  

A solution of 15,2 g (0.1 mole) of ar-chloromethylvinylbenzene 
inhibited with hydroquinone in p-dioxane (25 ml) was added dropwise 
over 30 minutes to 2-aminomethylpyridine (32,4 g, 0.3 mole) in 
p-dioxane (100 ml), and the resulting solution was heated at 



reflux for 16 hours. The reaction pot was chilled and the pre- 
cipitated hydrochloride filtered off. Solvent and excess amine 
were distilled at 11 mm. The residue was a thick orange syrup 
( 2 0 . 3  g), which had an IR spectrum characteristic of the desired 
compound e 

This residue was dissolved in 80 ml of benzene. The benzene 
solution was washed with aqueous 10% sodium hydroxide to remove 
inhibitor, then was washed with several portions of water, and 
finally was dried over calcium chloride. The benzene solution 
was then divided in half and used in the following polymerizations. 

( 2 )  Homopolymerization o f  Vinyl benzyl-2-pyridylmethyl- 
ami ne 

The above benzene solution was heated at 60-8ooc with a total 
of 100 mg of azo-bis-isobutyronitrile for 80 hours. The benzene 
was distilled off at 60 hours to aid polymerization. 

The resulting syrup was dissolved in 2 5  ml of benzene and 
poured into stirring hexane. The resulting precipitate was re- 
precipitated twice more with the benzene/hexane solvent/non-solvent 
pair and then dried in a vacuum at 60OC. The product yield was 
1.2 g. 

(3) Copolymerization o f  V i n y l b e n z y l - 2 - p y r i d y l m e t h y l a m i n e  
With Methyl Methacrylate 

The benzene solution of vinylbenzyl-2-pyridylmethylamine 
prepared above and 5 g of distilled methyl methacrylate was Poly- 
merized with 100 mg of azo-bis-isobutyronitrile catalyst for 60 
hours at 60-800~. Benzene/hexane was the solvent/non-solvent 
pair used for precipitation, 
at 6OoC in vacuum, It softened at 95OC, 

The product weighed 1 g after drying 

(4) Preparation o f  Poly(Viny1 benzyl-2-pyridylmethyl- 
a.m i n e ) -Me t h y 1 M e t ha c r y 1 a t e C o p o 1 y m e r 

2-Aminomethylpyridine (9.2 g) dissolved in 50 ml of p-dioxane 
was added dropwise over 25 minutes at room temperature to vinyl- 
benzyl chloride-methyl methacrylate copolymer (4.0 g) in 150  ml 
of p-dioxane. This was heated at reflux for 1 8  hours. 
the hydrochloride precipitate was filtered of? and the filtrate 
was poured slowly into a liter of stirring hexane. The brownish 
precipitate that formed was dissolved in benzene and again pre- 
cipitated in hexane. This was insoluble in benzene but was soluble 
in methanol. It was triturated with diethyl ether, yielding 3 . 2  g 
of a light orange solid, A Beilstein copper wire test for chlorine 
was negative. 

On cooling, 

Analysis: C ,  71.1; H, 704; N ,  8 . 3  corresponds to 60.9 mole-%, 
MMA: 39.1 mole-% vinylbenzyl-2-pyridyImethylamine. 
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1 1 .  Poly-(4,6-Diarnino-Z-Vinyl-s-triazine) 

a. P r e p a r a t i o n  o f  4,6-Diamino-Z-vinyl-s-triazine 

The method of preparation of this compound described by 
Overberger and Michelotti (ref. 17) was followed with 0.6 mole of 
biguanide sulfate, The yield of product after recrystallization 
from water was 11.8 g. 

b .  H o m o p o l y m e r i z a t i o n  o f  4,6-Diamino-Z-vinyl-s-triazine 

Monomer (3.4 g) was polymerized with 10 mg of potassium per- 
sulfate initiator following the procedure described by Overberger 
and Michelotti (ref. 17). The polymer was washed with ethanol 
and dried at 50°C/l mm overnight. The yield was 3.0 g. 

12. Poly[N-(ar-vinylbenzy1)iminodiacetic Acid] 

a .  P r e p a r a t i o n  o f  N-(ar-Vinylbenzy1)iminodiacetic Acid 

The preparation method described by L. R. Morris (ref. 16) 
was followed on a 0.1-mole scale. Recrystallized product weighed 
5 g. Its NMR spectrum is in excellent agreement for the above- 
named compound. 

b. H o m o p o l y m e r i z a t i o n  o f  1-(ar-Vinylbenzy1)iminodiacetic 
Acid 

Y 
d 

Potassium persulfate (14 mg) was added to a clear, slightly 
ellow solution of N-(ar-vinylbenzy1)iminodiacetic acid (4.5 g) 
issolved in 500 ml of water,and then heated to reflux (100OC) 

for 5 days. During the second day an additional 30 mg of potassium 
persulfate was added. Isolation of the polymer yielded 2.5 g of 
a slightly yellow powder. 

13. P r e p a r a t i o n  o f  B-(Z-Pyridyl)acrylic Acid 

The method reported by C. S. Marvel et a1 (ref. 14) was 
followed. Malonic acid (31.4 g, 0.3 mole), freshly distilled 
2-pyridine aldehyde (32 g, 0.3 mole), pyridine (23.7 g, 0.3 mole) 
and piperidine (6 drops) were added to a round-bottomed flask 
fitted with a condenser and reacted on a steam bath for 2 hr 15 
min. On cooling, a solid separated that was collected on a filter, 
washed twice with cold water, and finally dried under vacuum at 
7 O o C ,  yielding 4.8 g of an off-white powder (mp 203OC dec; lit 
(ref. 14) mp 198OC dec). 

1 4 .  P r e D a r a t i o n  o f  N-Octvl Half Ester o f  Stvrene-Maleic 
A n h y d r i d e  C o p o l y m e r  

LytronB 810 resin (20.2 g) and 13 g n-octyl alcohol were 
heated at 100-105°C for 18 hours under a condenser. The polymer 
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was precipitated three times from acetone/hexane solventjnon- 
solvent combination. The acid number of the product was 453. 

B .  T E S T  METHODS 

1 .  Thermal G r a v i m e t r i c  A n a l y s i s  

durin 
s amp 1 

Isothermal gravimetric changes were measured in nitrogen 
g 60 hours exposure of polymer samples at 135°C. Weighed 
es of approximately 0.2 g were placed in tared porcelain 

microcrucibles, which were suspended by Nichrone wire from a 
Roller-Smith Precision balance into a heated tube through which 
a continuous stream of nitrogen flowed at 200 ml/min. Tempera- 
ture was controlled by a Sim-Ply-Trol Pyrometer to 135 * 2OC. 
The thermocouple sensor was placed within one inch of the sample. 

2 .  E l e c t r i c a l  R e s i s t a n c e  o f  Membranes 

The general procedure described by Salkind and Kelley (ref. 
25) for measuring electrical resistance in 40% KOH was followed. 
Measurements were made with a Wayne-Rm Component Bridge, Model 
B522. The resistance cell is essentially as described in refer- 
ence 25 but includes the latest improvements made by the ESB 
personnel. Measurements were made on membranes after soaking 
overnight in 40% KOH. 

3 .  Zinc  P e n e t r a t i o n  Tes t  

A test procedure similar to that described by Dalin and Solomon 
(ref. 26) was used. The test cell is identical to theirs. Current 
(10 m&) was supplied by an Acopian Model K-55 Power Supply with a 
rheostat and metered by a Weston Model 911 d-c milliammeter. Tra- 
versal is the time required for the voltage to drop below 1 volt. 
This time was measured by conveying the reference voltage from a 
Hewlett-Packard Model 412A d-c vacuum tube voltmeter to a Simpson 
meter relay that activates an Eagle signal timer at this shut-off 
voltage. 

The separators were presoaked for at least 16 hours in the 
test solution, 1M ZnO in 40% KOH. 

4 .  Pore  S i z e  D e t e r m i n a t i o n  by E l e c t r o l y t e  P e r m e a b i l i t y  

The 2-mm capillary tube of the apparatus is joined to a 18/9 0- 
ring joint with 0.785 cm cross-sectional area. The separators 
were held between two Neoprene O-rings clamped in the joint. Con- 
stants of 40% KOH electrolyte used to calculate pore radius, r, 
were 1.396 g/cc density and 0.033 gjcm-sec viscosity. All samples 
were presoaked overnight in electrolyte before testing. 

The method developed by Salkind and Kelly (ref. 27) was used. 
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Data obtained by measuring adsorbance of electrolyte, pore 
size, electrical resistance, and dimensional changes after soak- 
ing in electrolyte were used to calculate effective porosity and 
to estimate the tortuosity of the pores. The tortuosity factor 
was calculated by the equation (ref, 28): 

T F  = ,/ ( E f f e c t i v e  P o r o s i t y )  
K O H  

5. T e n s i l e  Strength of Membranes 

Tensile specimens were prepared by stamping out 1 x 5 in. 
samples of our polymer films with a steel rule die. These speci- 
mens were tested in an Instron-Tensile Tester equipped with one 
inch "T" grips having sandpaper liner. The grip separation was 
2.75 * 0.25 in, and the crosshead speed was 0.5 in./min unless 
noted otherwise. Wet thickness was used to calculate strengths 
of wet membranes. Data are summarized in Table 3. 
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